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PKEFACE 

Thb student begiDning the atndy of physical chemistry finds 
himself so well catered for that he has only the difficulty of 
making bis choice among the namerons excellent text-books 
which have been written for him ; hot when this stage of his 
studies is ended and he has acquired a general grasp of the 
outlines of the subject, he is rather apt to feel himself at a 
loss if he desires to make further progress. Chemical journals 
are certainly open to him ; but in most cases he has not yet 
acquired that sense of perspective without which the perusal 
of ProceedingH and Transactions is a somewhat toilsome task ; 
and, in the case of the average student, he hardly knows 
where to begin. There is at present a lack of works which 
would bridge the gap between the text-book and the original 
literature. Monographs on many isolated subjects exist, it is 
true, but a library of monographs is beyond the means of the 
average student at the present day, and besides, the reading 
of a dozen monographs requires more leisure than most hard- 
pressed students have at their disposal. 

It is in view of this situation that the present book has 
been written. The object which I have kept before me is to 
provide the reader with brief accounts of a fair number of 
subjects, some of which have not hitherto been dealt with in 
books, and to stimulate him, if possible, to seek further in- 
formation in the original literature. For this reason, no 
attempt has been made to include the work published in last 
month's joornalB. My effort has been to lay a foundation 
sufficient to allow the student to build up a knowledge of the 
more recent researches by means of his own reading. 
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I have endesvoored, whenever poBsible, to keep clearly 
separate from each other the experimeDtal facta and the 
hypotheses by means of which attempts have been made to 
accooDt for these facts, so that the student should be under 
no illusions as to where facts end and theories begin. 

It may also be well to point out that the treatment of the 
various subjects is not intended to approach the exhaustive. 
Limitatioiis of space alone would forbid such an attempt. 
When any subject could not be dealt with at length, I have 
endeavoured to select those portions which seemed to me 
most likely to interest a student or to suggest ideas to him ; 
and I believe that such a mode of treatment will fulfil the 
object 1 had in view much better than a highly condensed 
and semi-unreadable description of the whole field would 
have done. Three of the chapters have appeared in a modi- 
fied form elsewhere, but as they are now unprocurable they 
have been introduced into their natural position in this book. 

As to the choice of subjects in the volume, it has been 
guided partly by my own interest and partly by the interest _ 
showD in these branches by students. It may be frankly ad- 
mitted that many other possible selections might have been 
made ; and in some cases a critical reader may lament the 
omission of topics in which he himself is keenly interested. 
If this should prove to be the case, I trust that he will take 
the obvious step to repair the error — by writing a book on 
these subjects himself. 

No attempt has been made to deal with the problems of 
radioactivity or stereochemistry in the present volume, except 
iucidentally in connection with other subjects. 

Since the main object of this book is to be stimulative if 
possible, I have not hesitated to diverge from the beaten track 
of the subject and to introduce, here and there, excursions 
into cognate fields, even when tbie leads to a certain halt in 
the main current of the argument. 

An examination of the contents of the volume will show 
that an attempt has been made to avoid a prejudice which 
makes many books on physical chemistry rather one-sided. 
Physico-chemical methods are applicable to both organic and 
inorganic substances ; but in some quarters there is an illogical 
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PREFACE vii 

tendency to restrict physical chemistry to a consideration of 
inorganic componnds. This crotchet prodaces an undesirable 
warping of perspective, since it tends to discourage the ia- 
vestigation of one of the most fniitfnl branches of physical 
chemistry — the relations betweoi chemical constitntion and 
physical properties. It cannot be too strongly emphasised 
that a properly trained physical chemist mnst be conversant 
with organic as well as inorganic chemistry. He need not 
be a specialist in the organic branch, but he ahonld at least 
have sufficient acquaintance with the subject to appreciate 
the peculiar differences between organic and inorganic re- 
agents. 

As the book is intended to help the student to find hia 
way about the literature of the subjects described in it, liberal 
references to the journals have been given and a short Biblio- 
graphy has been appended to the volume. Neither of these 
aids is by any means exhaustive. The abbreviations of the 
titles of the journals are in the main those employed by the 
Chemical Society. In order to avoid giving nnnecessary 
trouble to the reader, footnotes are distinguished by asterisks, 
etc., whilst references to journals are indicated by nnmbers. 

I wish to express my thanks to Dr. R Wright, Mr. H. 
Qraham, M.Sc., and Mr. F. Stoyle, B.Sc., for assistance and 
criticism. 

I have to thank the Chemical Society for Qermission to 
reproduce the diagram illustrating the Periodic Relatione 
of the Elements by the late Prol J. Emerson Reynolds, 
F.RS., which appeared in the Journal of that Society. 

A. W. STEWART. 



Tbb QcaxK's UiitTBBaiTT aw Bblfibx, 
and Jamtary, 1932. 
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INTRODUCTION. 

The ]»^aent volume ie not iotended to survey the whole 
field of physical chemistry, nor does it even profess to 
describe all the more interesting parts of the subject: for 
any attempt to carry out either of these plans would have 
expanded the book far beyond the limits which seem de- 
sirable. The inbentiim has been rather to select for treatment 
several interesting branches of physical chemistiy and to 
throw some light upon their general outlines, in the hope that 
the deecriptions given may arouse the interest of the reader 
sufficiently to make him consult the original literature or to 
look up other books in search of further information. 

Written on this plan, the book has taken the form of 
independent chapters each of which deals with a particular 
subject: but, though the material is treated in this manner, 
the volume as a whole still possesses a certain connected 
thread of interest, and the order of subjects has been chosen 
so as to bring out this relationship between them. It may 
be well to give some idea of this underlying continuity in 
the text. 

Physical chemistry may be described as a science which 
deals with (a) the relations between the physical |H«perties 
of substances and their chemical constitution ; and (6) the 
influence of external physical conditions on the course and 
result of chemical action. This is, perhaps, not a full defini- 
tion of the field, but it covers the major and most important 
part of the subject. 

Now, pure chemistry is concerned mainly with what may 
be termed the " quantity factor" in the operations of chemical 
affinity. It rests on the foundation of the doctrine of valency 
and its fundamental concern is with the proportions in which 
certAin elements unite with one another. Superimposed upon 
I 
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J SOME PHYSICO-CHEMICAL THEMES 

this, the idea of chemical Btmcfcare has arisen, which has so 
thorongbly justified its existence in the field of organic 
chemistry. 

Physical chemistry, on the other hand, takes into oon- 
' jSid^^tioD Jibq •'■ ^niensity factor" in chemical operations: in 
addition fo'tM mere mase-relations involved in a reaction, 
thei^ia*1')%hctivity,'" which ezinressea the velocity of chemical 
change",' and th^ 'siabject lies witiiin the scope of physical 
chemistry. A concrete example will serve to make tiie matter 
. clear. The methods of pare chemistry, when applied to the 
problem, inform ns that one gramme-molecule of hydrogen will 
enter into combination with either one gramme-molecale of 
chlorine or one gramme-molecale of iodine. When the methods 
of physical chemistry are apphed, we learn that the rate of 
combination between hydn^en and iodine is much slower 
than that between hydrogen and chlorine under the same 
conditions. Evidently, then, although in each case there are 
two gramme-molecules reacting with each other, the forces at 
work are more powerful in the case of chlorine than in the 
case of iodine, since the reaction with chlorine is mach the 
swifter of the twd Thus through the study of reaction- 
velocities we are brought to c(msider the different modes of 
action of chemical affinity, even when monovalent atoms are 
compared with each othw. 

The study of chemicf^ affinity biings to light the existence 
of something which appears to be analogous to potential 
energy, for though normally it lies dormant, yet in proper 
conditions it can be drawn into action and utilised, liiia 
force is termed t^xAimX affinity. 

Another branch of physical chemistry deals with the re> 
lations between chemical constitution and the physical proper- 
ties of substances ; and it is found that this residual affinity 
whidi certain molecules possess has the power of influencing 
many of the physical properties of the compounds in which it 
exists. The next chapter of this volume is devoted to tracing 
this relationship, so as to bring out the extent of the influence 
exerted by this "potential" store of chemical affinity in Uie 
molecule. 

The exieteace and influence of residual affinity having 
been thus established, it is of interest to look further afield 
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INTRODUCTION 3 

among chemical oomponnds and see wheUier traces of its 
preeeooe catmot be detected by other methods. It is natural 
to torn first to the case of doable salts \ for in this section 
of chemistry we find two apparently saturated molecules 
uniting ti^ther to form a new material, the physical pro- 
perties of which are difierent from those of either iA ita 
components, although the reactions of the new substance are 
identical with those of the compoxuids from which it was 
formed. Examination of the properties of these double salts 
brings to Ught the fact that in the double salt the two com> 
ponents are very feebly attracted to each other, the forces 
maintaining their union being apparently much weaker than 
ordinary chemical affinity. This subject forma the basis of 
Chapter III ; and Chapter IV. deals with some of the prob- 
lems involved in the formation of double salts in Nature and 
the conditions of equilibrium between them. 

EEaving thus been brought to consider the case of two 
molecules comlnning to form a loose association, it is nstoral 
to pass to another case of molecular union — complex salt 
formation — in which by the combination of two or more 
molecules a new material is formed having chemical pro- 
perties entirely different frcnn titose of either of its component 
parts. When this field is investigated, it is found that the 
union of molecules has destroyed the original ionic character 
of the materials and has brought into existence a new type 
of ion — the complex ion. The methods of establishing the 
presence and determining the nature of these complex ions 
form the subject of Chapter V. 

By this road we have been brought to a consideration 
of the phenomena of ionisation, and it is a short step to 
Uie consideration of another type of electrolytes : the pseudo- 
adds. In them it is found that the power of ionisation is 
not inherent^ but that before they can dissociate electrcdytic- 
ally they must imdeigo a certain change in character. An 
account of the researches in this field occupies Chapter VI. 

Consideration of the pseudo-acids leads directly to ui 
examination of the indicators, which belong to the pseudo- 
acid class : and some account of the chemistry of indicators 
LB therefore given in Chapter Vll, 

Hitherto in the volume, attention has been confined to - 
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the behaviour of the solute, but at this point the action of 
the Bolvwit cornea under inapection. Although water is the 
commonest solvent in which electrolytic dissociation is ob- 
served, it is only one of many such media. Liquid ammonia 
and many other inorganic liqaids also display dissociating 
power and yield solutiona which conduct electricity. This 
section of the subject has been deeply studied by various 
workers; but W&lden has extended the investigation to in- 
clude a compariBon between the chemical constitution of 
liquids, their dissociating power and many of their physical pro- 
perties. This series of researches is described in Chapter VIII. 

In the foregoing subjecta, attention has been concentrated 
upon the problems of true solution ; but a survey of this 
branch of the subject would be very incomplete without some 
reference to colloidal solutions ; and this carries in its train 
the question of coagulation and the formation of gola Chapter 
IX. has been devoted to a general description of the field of 
colloid chemistry. 

The subject of colloids brings us to the Brownian movement 
which is shown by the partides in colloidal solution. Here, by 
a somewhat unexpected path, we reach a consideration of the 
kinetic theory of gases and find experimental support for this 
theory, which was lacking until the study of colloidal solutions 
was taken up with modem experimental refinements. This 
aspect of the subject is dealt with in Chapter X. 

Since colloidal solutions merge on the upper limit into sus- 
pensions, the latter subject follows naturally in the sequence. 
The work of Perrin has shown that gross pajiJcles of gamboge 
suspended in a liquid behave exactly as molecules are supposed 
to behave in the gaseous state ; and in this way a " visible proof " 
of the accuracy of the kinetic theory of gases has been attained 
after many years of vain attempts. This series of investiga- 
tions forms the subject of Chapter XI. 

The study of emulsions has not been limited in its results to 
supporting the kinetic theory, however, it has even led to the 
determination of the number of molecules which are present in 
a graimae-molecule of any compound, This number, Avogadro's 
constant, has reoentiy been determined with wonderful accuracy 
by many different methods, some account of which is given in 
Chapter XII. 
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Leaving this branch of the subject, a ratura may be made to 
coUcnds from which we started, and a fresli field of research 
opeoH op in the pheoomena of adsorption. Here we have to 
deal with the influence of surface action as distinct from mere 
absorption or solution. A short description of adsorption 
phenomena is given in Chapter XIII. 

Finally, to close the field with which we began, Chapter 
XIV. contains a brief summary of certain theories of the coUoid 
state which have been suggested from time to time. None of 
them is sufiicient, but they f<H7n a very instructive example of 
how the same subject may be approached from difTerant direc- 
tions. 

Chapter XV. deals with catalysis in some of its manifesta- 
tions, and to a certain extent it hinges on to the chapter on 
adsorption. 

This closes one section of the book. In the remainder of the 
volume, the subjects form a group by themselves, though there 
is still a link between the two sections formed by the problem 
of chemical affinity. 

In Chapter XVI. a short acconnt of emission and phosphor- 
escence spectra is given, as part of tliis subject most be under- 
stood if the later chapters are to be fully appreciated. 

Chapter XVII. brings us back to the problem of chemical 
affinity with which the volume started ; and at this point an 
account is given of various typical hypotheses which have been 
suggested from time to time as to the basis of the phenomena 
of chemical reaction. Here, again, the main object kept in view 
has been to exhibit the various modes of regarding the problem 
which have come to light from time to time. 

From chemical affinity and valency to the Periodic Ar- 
rangement of the elemfflsts is an obvious step. Chapter XVIII. 
ctxitains a description of the main stages in the development of 
the Periodic System from its inception to the fx^sent day. In 
this, an attempt has been made to apportion the relative con- 
tributions brought by each investigator to the common fund ; 
and it will be found that the account differs considerably from 
that usually given in text-books. The Periodic Law represents 
one of the greatest of scientific generalisations and furnishes 
material for consideration in the most diverse regions of thought. 
In spite of all that has been written upon the subject up to the 
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present, it ia manifest that the root of the matter hae not yet 
been reached. Fortunately, the Periodic System differs from 
most other subjects of speculation, for time spent in pondering 
over it is never lost, since the more thought is given to it, the 
m<H% solid information is acquired at the same time from a mere 
study of ita intncacies. 

In Chapter XIX. certain aapects of the PeriocUc Table are 
examined, with the object of brining out clearly some points 
at which the Periodic System seems to require further investi- 
gation. It is too often assumed that the difficulties in our way 
are minor ones ; and it seems advisable to indicate some of the 
defectfi of the Mendel^f Table, which is by no means free from 
grave blemishes. 

Having considered th« relations of the elements to one 
another, it seems well to conclude the survey by dealing with 
modem hypotheses of atomic structure and to indicate as 
clearly as possible where the modern views of the model atom 
fall short of perfection. This subject is described in Chapter 
XX. 

In concluding this introduction, it may be well to mention 
a point which has been kept in view daring the writing of the 
book. A volume of this kind is intended to encourage the 
reader to do two things : (1) acquire a knowledge of facts and 
(2) form his own opinions on the subjects treated, apart from 
the hypotheses sn^ested by other people. For this reason, 
wherever it has been possible, the facts have been kept entirely 
separate from any theorise on the subjects. It cannot be too 
often impressed upon a student that it is only by forming his 
own individual views upon chemical problems that he can 
become really a master of the subject. By this it is meant that 
he should be intellectually satisfied that a theory is firmly based 
before he accepts it ; he should not encourage hims^ to take 
refuge behind the fact that " So-and-so says it is true ". It is 
not necessary to evolve new theories of one's own, but it is 
equally tuinecessary — and much more undesirable — to accept 
bUndly anything which happens to find its way into print on 
one side or other of a controversy. 
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1. The Meaning of Residuat Affinity. 

When a aitrogeu atom is united with three hydn^n atoms 
to form a molecole of ammonia, ita attractive powera are 
evidently not wholly satisfied, since it remains capable of 
holding in addition a further hydrogen atom and a chlorine 
atom in the molecule of ammonium chloride. Thus, although 
ammonia is a perfectly stable and well-defined oompound, the 
nitrogen in it is not exerting to the fall the power whidi 
it possesses of retaining atoms in combination. A trivalent 
nitrogen atom, therefore, is potentially capable of exerting 
more chemical affinity than it openly displays ; it has a certain 
store of latent energy, just as a weight resting upon a table 
contains potential energy which is capable of development 
onder proper conditions. To indicate this condition of the 
nitrogen atom, the term residuai affinity is used. 

Many other atoms are capable of poesessing residual affinity. 
For instance, among the commoner elements, divalent oxygen 
and sulphur are capable of attracting extra atoms and be- 
coming quadrivalent; phosphorus in the trivalent state has 
the potentiality of quinqevalence ; monovalent iodine can yield 
trivalent derivatives; and in the case of carbon compounds 
the acetylenio and ethylenic series contain carbon atoms in a 
state widch enables them to attach to themselvee other elements. 
In all these cases, the atom, when in its lower stage of valency, 
must be regarded as the seat of residual affinity, as is proved 
by actual chemical reactions. 

When a trivalent nitrogen atom is brought into the vicinity 
of another atom containing residual affinity, a reaction may 
occur if the conditions are suitable. But when the two atoms 
form port oE the same compound already, it is posaible that no 
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reaction between them Trill take place owing to spatial or 
other causes. None the less, the two centres of residual affinity 
may exercise a certain influence upon each other which is 
traceable in their behaviour. For example, the two radicles, 
— CO — and — NHj, both contain residual affinity in the sense 
which has been defined above, since two hydrogen atoms can 
attach themselves to a carbonyl group and a molecule o£ hydro- 
chloric acid can be attracted by an amino groap. When these 
two groups are brought into close contiguity in an amide of 
an acid, such as R . CO . Nfi, it is found that each of them is 
influenced in its properties. The carbonyl group no longer 
shows the usual easy reducibility to — CH(OH) — ; and the amino 
group loses its basic properties almcet entirely. On replacing 
the carbonyl group by a methylene radicle, as in R . CH, . NH,, 
we find that the amino group recovers its usual power of salt- 
formation ; whilst the substitution of a methyl group for the 
— NH„ as in R , GO . CH,, restores to the carbonyl radicle all 
its powers of oxime formation, bisulphite compound fonnation, 
and cyanhydrin production which it had lost when in associa- 
tion with the amino radicle. 

Thus by purely chemical tests it can be established that 
these two centres of residual affinity have influenced each 
other, although no actual chemical reaction has taken place 
between them. The state of mutual influence is termed the 
conjugation of residual affinity, or, more shortly, conjugation. 

Acetoacetic ester will serve as an example of the next type 
of phenomena with which we must deal. This compound is 
known to exist generally as an equihbrium mixture of two 
materials having the structures shown below : — 

OH,— C— CHj— COOEt CHj— C=CH— COOEt 

O OH 

(I.) (IL) 

Investigation of the properties of these two substances proves 
couclnsively that each of them is capable of adding on extra 
atoms; so that both of them contain residual affinity. The 
distributioQ of this residual affinity is not the same in the two 
molecules, however, for the compound (L) reacts only very 
slowly with bromine, whereas (II.) unites immediately witJi 
bromine. Now when acetoacetic ester ie prepared from its 
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BodiaiB derivative, it is found to be a mixture of (I.) and (II.) ; 
and the relative quantities of the two foims present can be 
altered by a change in the physical conditions under which 
the mixtore is kept. But from the evidence just given, it is 
clear that this conversion of one form into another must be 
accompanied by a redistribution of the residnal affinity in the 
molecule ; ao that it is definitely established in this way that 
a rearrangement of residual affinity can take place within a 
molecular structore. 

Id the foregoing paragraphs the subject has been kept on 
the firm basis of experimental results ; and it is clear that the 
hypothesis of residual affinity is, if not the only one, at least 
the simplest which can be utilised to account for the facto. 

2. Thiele's Theory of Partial Valertciea. 

In the last section, some examples were given of the mutual 
influence which two centres of residual affinity in the same 
molecule can exert upon one another. Up to the present, the 
most general treatment of the question is that of Thiele,^ who 
succeeded in bringing into accord a very large number of 
phenomena by means of his theory of partial valencies. 

Thiele's views took their rise in the *case of the double 
bonds which are used in many organic structural formalce. 
Though these double linkages are written on paper as though 
they were composed of two separate single linkages, they are 
in practice weaker than an ordinary single bond such as is 
found in the ethane molecule ; and to account for this Thiele 
asaumed that when two atoms are united by a double bond, 
only port of their total available valency is thus employed ; so 
that upon each atom there remains free a certain amount of 
aflSnity which he termed a partial valency. To s3rmboliBe 
this partial valency, he employed a dotted line thus : — 

R R B R 

B^C R— C-- R— C...- N- - 

11 II II I) 

R— C O- N. N 

I I 



i 



B 



> Thiele, Annaltn, 1399, 306. BT. 
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Thiele'a conception of the mechaniBm of addition reacti<Hi8 
is as follows : In the first place, tiie two reacting nK^ecules 
approach each other as in (I.) ; thereafter the partial valencies 
come into operation, (IL); and finally, a rearrangement of 
affinity takes place which changes the partial valency into a 
normal sin^e bond (IIL). 

H,C Br H,C-Br . H,C— Br 



B,C Br H,C- 



H,C Br H.C Br H,C— Br 

(L) <n.) (lu.) 

On this basis, it is clear that the point of attack of an external 
atom upon an unsaturated mole(»ile is represented by the partial 
valency ; and the symbolical representation by means of the 
dotted line is really only a short way of expressing the ex- 
perimentally established facta and can be employed apart from 
any theory at all. 

Let us now turn to a case in which two unsaturated cenbes 
occur in the same molecule and again Jet us represent the 
doubly-linked atoms as having partial valencies : — 
R_CH--CH— CH,— CH-CH— B 

Owing to the two'ethylenic linkages in this molecule, two 
molecules of bromine can be added on to the hydrocarbon; 
and it is found that if the bromine molecules be allowed to act 
one at a time the first product is a compoimd — 

R . CHBr . CHBr . CH, . CH : CH . B . 
which is then attacked by the second bromine molecule to 
yield the tetrabromo-derivative — 

R . CHBr . CHBr . CH, . CHBr . CHBr . B 
This behaviour is perfectly normal 

When a molecule of the following type is examined — 
R— CH- CH— CH-CH— R 



its action with a single molecule of bromine might be expected 
to be the formation of the dibromo-derivative — 

R . CHBr . CHBr . CH : CH . R 
one of the double bonds being saturated and the other left 
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intact, jufit aa in the previooB case. In practice, however, thia 
is not found. Instead of a single ethylenic bond being attacked 
by tiie bromine molecule, both the ethylenic linkages are 
attacked simultaneoosly and a new doable bond is formed in 
the centre of the system : — 

B~CHBr— CH : CH~CHBi^R 
So far, the matter is entirely one of experiment, bnt it. 
is now necessary to find some hypothesis which will account 
for the results. Since this apparently abnormal behavionr is 
observed only in cases where the two double bonds are separ- 
ated from each other by two atoms Joined by an ethylenic 
linkage : — 

B — B=Bi — K= R — R 
it is evident that this arrangement of valency has some 
peculiarity which is absent when more than one single bond 
is interposed between the two doable linkages. To express 
the abnormal behaviour of such systems, Thiele writes the 
formalce for them in this way : — 

R— C=OH— CH^CH— R 



which represents the neutralisation of the two central partial 
valencies while leaving the exterior ones free to act. Thus 
the successive actions of two molecules of bromine upon such 
a molecule would be represented thus : — 

R— CH=0 H— CH=CH— B 



A system of the type shown above, in which a single bond 
lies between two double bonds, is termed a conjugated system 
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of dovhle bonds, and, as has been explained, it is supposed to 
differ from a eystem of two isolated double bonde owing to a 
kind of matual neatralisation of the two inner partial valencies. 
This neutralisation can be 83rmbolised by assuming that the 
carbon atoms are alternately positive and negative in character 
in which ease the systein would assume the following form : — 

B^CH=GH— CH=CH— R 
and it may be supposed that the two inner + and - charges 
neutralise each other, whilst leaving the exterior ones free 
to act. 

It must be borne in mind that this systeim of conjngated 
doable bonds may be influenced by residual atSnity concentra- 
tions in other parts of the same molecule, so that in certain 
cases ^ the Thiele rule of addition does not hold good. But in 
genera) it appears to be a fair working guide to the behaviour 
of compounds which would seem abnormal upon the ordinary . 
conceptions of aflGnity. 

The most interesting application of Thiele's theoiy is to 
be found in the case of benzene Using the Kekul^ formula, 
benzene contains three double bonds, between each pair of 
which lies a single bond, so that if all the partial valencies are 
written in full it would be represented as in (I.), If now each 
pair of partial valencies he equated across a single bond, the 
formula assumed the form shown in (II.) — 
CH 



-HC CH 



■HC CH 

L 



--CH 

(1.) (ll.> 

Now in the form (II.), benzene evidently possesses no free 
partial valencies, since all of them are conjugated ; and this 

> Sea on thU queBUon Tbiele, Annalm, 1899, 306, S9 ; 1900, 311, S4S ; 
1901, 319, 139 i ETletiineyer, ibid., 1901, 316, *S ; VorlSnder, ibid., 1903, 320, 
73; 1906,346.206; Tbiele and H&ckel, tbtd., 1902, 326, G; HiDriohsao, Md., 
I9M, 336. 182; Harries, ibid., 1903, 330, 2S0; MiohMl and Le^hloD, 
J. pr. Chtm., 1903, 68. ^21 ; Bauei', iind.. 1903, 72, 206 ; FlOnobmm, ibid., 71, 
603 ; Uiohaei, ibid., 1899, 60, 167 i 1903, 68, S03 ; 1907, 76. 1 . 
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corresponda bo closely to the inert behavioar of the benzene 
molecule daring addition reactions that it furnishes a moat 
valuable confirmation of Thiele's theory. 

This influence of conjugation is traceable also when the 
intensity factor of chemical reactions is investigated. A com- 
parison of the reactivity of the carbonyl groups > in acettsie, 
Icevulinic ester and pyruvic eater showed the following : — 
Lcm reoaHTlly IdeTiillnio rater OH, . CO . GH, . CH, . OOOEt 

Medinm reactivity Acetone CH,.GO.CH, 

High re&ctivltj Pyrav io e«t«r CB, . CO . OOOEt 

From this it is clear that the mere introduction of a carbethoxy 
group into the molecule has no stimulative influence, for when 
— CH, . COOEt is substituted for one of the hydrogen atoms 
of acetone the reactivity of the carbonyl is actually reduced 
On the other hand, pyruvic ester manifests a very high degree 
of reactivity. Examination shows that pyruvic ester is the 
only one of the three compounds which contains a conjugated 
system of double bonds : — 

0-C C-0 

I I 

CH, OEt 

Id thermochemical relationships, the same influence of 
conjugation can be traced. As can be seen from the formulie 
below, limonene and sylvestrene contain isolated systems of 
double bonds, whereas the double linkages of a^phellandrene 
and carvenene are conjugated ones. The figures^ below the 
fonnnlie give the heats of combustions in kilogramme-calories 
per gramme-molecule and inspection will show that the con- 
jugated compounds have much lower heata of combustion than 
the isomeric non-conjugated substances. 

CH, CH, CH, 

-CH, 



CH, 




,Goo^^lc 
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From the foregoing evidence it is clear that the chemical 
character of a molecule ia deeply inflaeacect by the fnoseQce of a 
system of conjugated double bonds. In the foUoving sections 
it will be shown that tbia abnormality ia not confined to 
chemical properties alone, but is traceable also in many physical 
properties. In fact it seems to be the case that the presence of 
sudi a system in a molecule npsete all n<n-mal roles. 

Id the previous section, the motual influence of two centres 
of onsatnration was considered in the case in which these two 
centres are adjacent in the strwciwre of the molecule ; bat it 
is now known that structural propinquity is not absolutely 



necessary in order that one centre may influence another. If 
the two centres of unsaturation be near together in space, even 
if they be structurally separated from each other by a chain of 
carbon atoms, they may still exert a traceable eflect upon each 
other. 

The tetrahedron of van't Hoff exhibits this state of aflaiiB 
in the simplest manner df all. In the diagram (Fig. I) the five 
tetrahedra represent a chain of five carbon atoms, the comers 
of the tetrahedra being regarded as the points of union of the 
atoms. It will be seen that although the carbon atoms at the 
two ends of the chain are structv/rally far-distant from each 
other, they are actually in the model very close together in 
space. Thus in any aliphatic chain the 1, 5 and 1, 6-poaitions 
may lie very near together, even though they are separated 
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from each other by three or four carbon atoms in the chain. 
This theoretical conception is fnlly justified by the readiness 
with which atoms in the 1, 5 and 1, 6-po8itions interact with 
each other, whereas atoms in the 1, 3 and 1, 4-poeitioi)8 show 
htUe tendency to interact.' 

Again, in cychc compoauds, atoms in the positions 1 and 4 
in a siz-membered ring exert a mutoal influence, althoagh 
stmctnraUy they are not close to each other. Clarke ' de- 
termined the reactivity of the groups X and Y in the six- 
memhered system : — 

/CH,— CH,\ 

x( )y 

where X and Y were atoms of o^gw and solphur or the 
radicle — N . R The results obtained may be summarised as 
follows. The nature of the group X has an influence on the 
reactivity of the group Y. If X and Y be the same, an enhance- 
ment of reactivity is observed ; whilst if X diflers from Y, the 
reactivity is diminished. It will be noticed that the oxygen 
atom, the aniphur atom and the group ■- X . R all contam 
residual affinity, since they are not exerting their full possible 
valency ; so that the case is similar to the ordinary conjugation 
of stnictarally adjacent centres of unsaturation. 

4. Boilvng-point Rdationa. 

The influence exerted upon the braling-point of a compound 
by the presence of residual affinity within the molecule is a 
somewhat complicated one ; and it will be necessary to deal 
with it from di^rent points of view. 

In the first place we may examine the effect produced when 
the quuitity of unsaturation in the molecule is increased, while 
the situation of it remains nnaltered. Corresponding com- 
pounds from the paraffin, olefine and acetylene series are 
classified below : — 

CH,— OH,— CH,— CH, B.P. +1' CHr-CH,— CH,OH B.P. 97-i'' 

CHr-CH=CH— CH, B.P.[+J?y, CH,=.OH-CH,OH B.P. 96- 

OH,— <^0— CH, B.P. +37° C^sO— CH^H B.P. Hi" 

' Poi a fall aocoant of thaee pbcoomena, see Stewart, Slenoclitmiilr]/, 
1919, pp. 170 S. 

*01u:ke. Trmu., 1913, 101, 1786; we also Cluke, Maobeth and Stawut, 
Proe.. 1918, SB, 161. 
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These figures are sufficient to show that the presence of a single 
ethylenic linkage in a molecule ezerte very little infloenee upon 
the boiling-point of the substance ; but the extra unsatoratitm 
introduced by the change from the double to the triple bond 
has a very marked effect. 

The acetylenic linkage has, of course, the power of attracting 
fonr halogen atoms, so that in quantity its additive capacity is 
equal to that of two ethylenic link&gee. The concentration of 
the unsaturation in one spot, however, influences the boiling- 
point of the substance, as can be seen by comparing the follow- 
ing isomers : — 
OH,— c=c-OH, B-P.+ar oHj-ch,— 0=0— oh, rp. sr 

OH,=OH— OH-CH, B.P. -6° OH,=OH— OH=OH— OH, B.P. 42° 

In auch cases the acetylenic isomer has the higher boiling- 
point. 

A comparison between the boiling-points of two isomeric 
compounds, one of which contains a conjugated system of 
double bonds whilst the other possesses only isolated double 
bonds, will suffice to show that as a general rule the conjugated 
substance has the higher boiling-point of the twa In making 
such comparisons, it is necessary to contine examination to cases 
in which the general structures are the same, since the occur- 
rence of branched chains has an influence upon boiling-point. 
The following examples are &>ee from any such complications ; 
and it will be seen that the conjugated compound has a boiling- 
point considerably higher than its unconjugated isomer : — : 

BoiliUR-poiat. 
CH,.OH:CH.OH:CH.CH, 87- 

CH,;CH.CH,.CH, .CH:OH, 6r 

CH, , OH : CH . : 

Ah. ''*■ 

CH,:CH.OH,.C:'o 

I 108- 

CH, 
CH, . CH : OH . : O 



6H 
CH, ; CH . OH, . C : O 



lies- 

llSO" 
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Thus the presence of a conjugated system of doable bonds 
appears to enhance the cohesive power of a liquid to a very 
marked extent, as measured by the boiling-point, 

5. Refraaiivity. 

The optical properties of compounds are roughly divisible 
into two main classes: additive properties and constitutive 
properties. This division ta, however, a somewhat arbitrary 
one ; for all optical [M*operties appear to be influenced by botJi 
the additive and ooostitutive factors, though the relative in- 
fluence of these differs from property to property. Thus, in the 
main, the refractive index of a compound is obtainable by a 
saDunation of various constants, each of which corresponds to 
a particular part of t^e molecular structure of the compound 
under examination ; and the approximation between theory and 
practice ia generally a very close oaa 

The presence of isolated double or triple linkages in a sub- 
stance raises the refraetivity by a fixed amount, but when a 
conjugated system of double bonds exists m the molecule, the 
ordinary method of calculation breaks down ; and the observed 
value of the molecular refractive power is found to diverge 
considerably from that calculated from the ordinary constants. 
This deviation is termed optical anomaly, and it may be either 
positive or negative in sign — i.e., the calculated value may 
exceed or be less than the observed value. 

One or two examples may be given in order to show the 
extent of the deviation which is produced by the presence of a 
conjugated system. 

In the first place, the constants employed are the following. 
They hold good for the a-line in the spectrum and are calcu> 
lated on the basis of the formula : — 

Here [Rl] represents the molecular refraction ; n ia the observed 
refractive index ; m is the molecular weight, and d the density 
of the substance under examination. 

1 eftcboa atan 9-866 

1 hydrogen atom 1103 

1 ketonio oxjgen atom . . ' . . 2-338 

1 hydTDzjlla oxygea atam I-fi06 

1 etbyleiiia linkagB 1-886 
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In order to calculate the molecular refractivity of the 8ub- 
etance diallyl, CH, : CH . CH, . CHj . CH : CH„ on this basis, 
all that is necesBary ia to multiply the appropriate constants 
by the proper numbers and add up the resulting figures, as 
shown below :— 

[RJ.. 

6 ouboD BtoniB 3-366 x 6 = 14-190 

10 hTdiogsD atoma .... 1-108 x 10 = 11-03 
S etfaylmlo Unkaees .... 1-836 x 3 = 9-6TS 



It will be seen that in this case the calculated and the observed 
results differ only by a little over ono-third per cent. 

Now, since the substance 2, 4-hexadiene — 
OH, . CH : CH . CH : CH . CH, 
contains exactly Haa same number of carbon atoms, hydn^n 
atoms and double bonds as diallyl does, we should find its cal- 
culated refractivity to be 28'892 also. When the observed 
value ^ is determined, however, it is almost a whole unit greater 
than this, viz., 2987. The only difference between diallyl and 
2, 4>-hexadiene lies in the fact that the latter compound con- 
tains a conjugated system which ia absent from the structure 
of diallyl ; and it is to the presence of this conjugated system 
that the optical anomaly must be ascribed, since there is no 
other possible origin. 

Another example may be chosen from the carboxylic acida, 
BO as to include all the constants given above ; and in this case 
three isomeric substances * can be compared. 

(BlI.. 

CH, . CH, . CH, . CH : CH . COOH 31-561 

CH, . CH, . CH : CH . CH, . COOH 3099 \ Observed values. 

CH, . CH : CH . CH, . CH, . COOH SOgsJ 

Calculated value . . 3088 

It can be seen that in the first compound there is a con- 
jugated system comprising the ethylenic linkage and the 
carbonyl group of the carboxyl radicle ; whereas no such con- 
jugation is present in either of the other two molecules. The 

> Biiilil, Ber., 1907, 40. S81. ■ BrUhl, \oc. ott 

'Ejkmui, ChAn. ControUfalt, 1907, IL 1206. 
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non-conjugated structures exhibit almost identical molecular 
refractivities, both of which are within about \ per cent, of the 
calculated value. The conjugated system, on the other hand, 
deviates ^m the calculated figures by three-quarters of a unit, 
or over 2 per cent 

It must be borne in mind th^t although the system of con- 
jugated double bonds is one of the commonest, it is not by any 
means the only system which produces these anomalous effects. 
Whenever two centres of residual affinity come within each 
other's sphere of influence, similar results are obtained. The 
figures below illustrate this in the case of a system composed of 
a double and a triple bond between carbon atoms* and also in 
another system containing a carbonyl linkage and a double 
hood between a carbon and a nitrogen atom.^ 
OEt 

I |lt|j. obs. [RJ, oalo. DiOeraiiM. 

H.Cs^— 6=0 25-12 24-62 050 

0=0— CH=N.OH 21-39 20-39 1-00 

in. 

It will be seen that the differences between the observed and 
the c&lculated values are here very marked. 

In certain oompoands the optical anomaly attains surprising 
dimensions. For example, in the case of diphenyl-bexatriene,* 
C,H, . CH ; CH . CH : CH . CH : CH . CgHj, the calculated mo- 
lecular refraetivity is 76'74 whilst the observed value is 100'9; 
so that the anomaly here is no leas than 24*16 nnits, or about 
30 per cent. 

The case of benzene is curious but not inexplicabla The 
calculated value of the molecular refraetivity is 26'31 whilst 
tiie observed value * is 25 '93, so the anomaly has a minus value 
of 0*381 In view of the fact that benzene may be regarded as 
containing a system of three conjugated double bonds, this 
seems at first sight somewhat surprising ; but further considera- 
tion will show that the result is not so abnormal as might be 
supposed. In all the cases hitherto chosen as examples in this 
section there have been, according to the Thiele ijieory, free 

> PeAiD, IVmu., 1907, 91. 8SS. 

* Hnllsr knd Bftuer, J. Chint. i)%«., 1903, 1, 190. 
^Snedlej, IVatM., 1906, 93, 8T6. 

• BtOhl, ZtlkiMK fhynfaiL Chm., 1887, 1, »9. 
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partial yalencies at the tnis of the conjugated systems ; and 
in each of these cases there has been optical anomaly of a well- 
marked type. In the benzene ring, on the other hand, owing 
to the com]deteneBS of the conjugation, there ia no free partial 
valency left at any point Thus benzene stands in a class by 
itself and its refractive power could hardly be expected to 
follow the same rules as those which suffice for ordinary un* 
saturated substances. 

6. Magnetic Susceptibility. 

When bars of iron and of bismuth ore suspended between 
the poles of an electromagnet, it is found that they swing into 
a position of rest at right angles to one another ; and metala 
other than these exhibit the same kind of differences in the^ 
behaviour. Metals which comport themselves like iron are said 
to be paramagnetic, those which resemble bismutli are termed 
diamagnetic. 

Not only elements but compounds also display this sensi- 
tiveness to the magnetic field's action ; and measurements of 
the phenomena are obtainable by means of the following ap- 
paratus. A tube is placed vertically in a magnetic field and 
filled with the liquid under examination. On turning on the 
electromagnet which produces the field, it is found that the 
meniscus of the liquid either rises or falls in the tnbe. With 
the current on, the level of the meniscus is brought to a fixed 
point; after which the magnet is demagnetised; the Uquid 
falls or rises slightly in the tube ; and the new level is read 
off. The extent of the change gives a measure of the influence 
of the magnet upon the liquid. 

Magnetic susceptibility is in the main an additive property, 
like refractivity ; so that constants can be found for the atoms 
of various elements. Thus Pascal ' assigned the following 
values to some of the commoner atoms : H= -30'5; C= -625; 
F = - 63-0; CI - - 209-5; Br - - 3192; I = - 4650. In 
each case the constant ia multiplied by 10~^ 

As in the case of refractivity, the value for oxygen varies 
according to the manner of its linkage. When combined with 
two hydrocarbon radicles, its constant is - 50 x 10-^, the 



1 PuctU, Bull. soe. chim., 1911, 9. 6. 
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mmoB sign Bhowiog that it is diamagnetic. In the carbonyl 
grouping of acids and esters it remains diamagnetic, bat the 
nnmericsl value becomes - 13 x lO'l When existing in 
ketonea or aldehydes, it is paramagnetic, Trith a value of 
+ 66 X 10-^ 

The inflnence of conjugation is very well-marked in mag- 
netic susceptibility. Normally, the correction for a triple bond 
is + 8 X 10-^; and that tor a double bond is + 57 x 10"'. 
When more than one double bond is introduced into the mole- 
cule, however, the value becomes + 110 X 10-^, so that clearly 
some disturbance has occurred which prevents the two separate 
bonds exercising their full influence. 

Again, when an amido radicle is placed alongside a carbonyl 
group in the molecular structure, it is found that the carbonyl 
group ceases to exert its full influence. Thus in the mono- 
amides, the value for the carbonyl group ie + 32 x 10~'; in 
the diamides and imides it is + 26 x 10'^; and in urea it 
ftctoally ceases to produce any eflect at all.^ 

The subject has not been fully worked out, but these figures 
are sufficient to show that in its general lines magnetic sus- 
ceptibility resembles refractive index in many respects. 

7. Magnetic Rotatory Power. 

When a liquid is placed in a strong magnetic field it be* 
comes capable of rotating the plane of polarisation of a light- 
ray which is passed through it from a Nicol prism ; and the 
degree of rotation is found to be closely connected with the 
chemical constitution of the liquid under examination. 

In the case of refractivity, the measurements made are 
absolute measurements ; but in the case of magnetic rotatory 
power it is found more convenient in practice to choose a 
standard substance and compare with it under the same con- 
ditions any compound which it is necessary to examine. 
Water is the standard substance employed in all the more 
important work which has been done in this field.^ 

'FwUi, Bull, aoc chim., 1913, 11, 111. 

* ffir W. H. Parkin, Trmt., 1864, 15, 431 ; 1886, 4$, SOS, 777 ; 1867, 61. MS. 
808; 1688, 68,161. 696; 1889, 66. B80; 16S1.59,961; 1999,61.800; 1898,63. 
57, «88; 1694, 66, 90, 402, 816 ; 1896, 67, 9fiG ; 1896, 69, 103S ; 19C0, 77, 967 
1902,81.177,293; 1908,83.1384; 1904,86.1417; 1906,89,608. 
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The molecnlar magnetic rotation (M) is obtained from the 
following formula : — 

in which a is the rotatory power of the sabatance under given 
oooditioDS, I is the length of layer of solution through which 
the light passes, m is the substance's molecular weight, and i 
its density ; whilst the corresponding Greek letters represent 
the corresponding values for water. If both snbstance and 
standard be examined in tubes of equal length, the factors I 
and X drop out and the expression bMomes — 

The assumption ia made that the substances are unaasociated ; 
and obviously if this were not the case it would be necessary 
to introduce the fraction m/d into the equation. In general, 
however, the expression given above works quite satisfactorily 
in practice. 

Like refractive index, the magnetic rotatory power of a 
compound is in the main an additive property ; but the 
method of calculation differs considerably from that employed 
in the case of refractivity. Instead of ascertaining the factor 
corresponding to each atom in a compound, it has been found 
more convenient to employ what are termed series cojistants. 
Each individual class of organic componnds has its own series 
constant ; and when the magnetic rotation of a substance is 
to be calculated, the first step is to identify the series to which 
the compound belongs. Thereafter, if there be n carbon atoms 
in the substance, the molecular magnetic rotation can be ob- 
tained from the following formula : — 

M [a.] - S + m X 1-023 

in which 8 is the series constant. 

For example, suppose that it were necessary to calculate 
the molecular magnetic rotatory power of oeoanthylic acid, 
CflHij . COOH, the procedure is as follows : The substance 
belongs to the fatty acids ; and the fatty acid series constant 
is known to be 0*393. Oenanthyhc acid contains seven car- 
bon atoms, 80 that to the series constimt must be added 
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7 X 1023. This gives a total of 7554, and the actvially ob- 
served value is 7'552, which ia very close indeed. 

Sometimes, however, things are not qaite so simple. For 
example, take the case of ethyl tartrate — 

CjH^OOC . CH(OH) . CH(OH) . COOC,Hs. 

This snbatance might be regarded as belonging either to the 
clasfi of dibasic esters like succinic ester — 

CiH,O0C . CH, . CHa . COOCjH, 

or to the derivatives of glycol, CH,OH . CHjOH. It is clear 
that some doubt might arise as to which series constant should 
be selected in the calculation. It has been found, however, 
that when a compound belongs to two different series, the 
best result is got by taking as a basis of calculation the mean 
of the two series constants. Thus, in the case of ethyl tartrate, 
the procedure would be as follows : — 

BerieB constant of saocinio eeters = 0'S9T 
Series coiutAnt of glycols . » 0-196 

Sum of two constante . =• 1098 -f 9 = 0546 

Yolne ol S cubon atoms (1-028 x 8) . = 8-164 

Galmilated molecular roagaetic lotation « 8-780 

Observed value = 8-766 

When the structure of the compound under examination is 
very complicated, the difficulty of the calculation is again en- 
hanced ; but it is not necessary here to discuss the matter.* 

Magnetic rotatory power is more constitutive in character 
than refractivity, so that structural changes which do not 
affect the refractive index to any appreciable extent have a 
very marked influence upon magnetic rotation. Id the case 
of refractive index, it will be remembered, the substitution 
of a double or triple bond for a single linkage had a flxed 
effect upon the refractivity, no matter from what class the 
componnd was drawn ; but in the field of magnetic rotation, 
as the figures below will show, there is no constant figure 
which can be assigned in the same way. 

■ A full Boooant will be foand in Smilas, Cft«tfMcaj CotuCittiMoH imd 
Pi^MoiU ProptriMt, 1910. 
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H[w] Diffemiee. 
CH, . (CH,), . CHj . CH, . CH, 6-670 

+ 0-803 
CH, . (CH,), . CH=CH . CH, 7 473 

(CH,),CH . CH, . CH, 5-750 

+ 0-444 
(CH,),C=CH . CH, 6-194 

CH, . CH, . CH, . CH, . CO . CH, 6-522 

+ 0^57 
CH=C— CH, . CH, . CO . CH, 7-179 

CH, . CH, . CH, . CH, . COOEt 7-500 

+ 0-629 
CHsC— CH, . CH, . COOEt 8129 

Jost as the presence of two conjugated doable bonds 
prodacee <^cal anomaly in the case of refractive index, it 
is found that the introduction of a conjugated system into 
a molecnle produces magneto-optical exaltation, the observed 
value for the rotatory power being greater than that irhich 
18 to be expected. The range of compounds examined in 
this £eld is much smaller than in the case of refractive index ; 
bat the following example will be sufficient here : — 

M[i>] DiOarenoB. 
Hexane CH,— CH,— CH,— CH,— CH,— CH, 6«70 

0-803 
Hexylene CH,— CH,— CH,— CH=CH— CH, 7-473 

0-947 
Diallyl CH,=CH— CH,— CH,— CH=CH, 8-420 

3-776 
Hexatriene CH,=CH— CH=CH— CH=CH, 12196 

Inspection of the figures shows that the introducticoi of one 
ethylene linkage raises the rotatory power by 0-803. The 
introduction of two double bonds which are not conjugated 
with each other produces almost exactly twice the effect of 
the solitary double bond. It might, therefore, be expected 
that when a third doable bond comes into the molecule it 
wonld merely result in a further proportional rise. Actually, 
however, the three double bonds are conjugated with one 
another in hexatriene and the result makes itself felt in the 
magnetic rotation which jumps nearly 50 per cent, in value. 
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8. Optical Rotatory Power. 

The rotation of the plane of polarisation by aubBtances 
having an asymmetric molecular structure was observed more 
than a centary ago ; but even now it is not possible to calculate 
the rotatory power of any given compound in the same way 
as the magnetic rotatory power can be ascertained theoretically. 
All that can be said is that if the space-formula of the sub- 
stance be built up, activity is to be expected when that space- 
formula is not Buperposable upon its mirror-image. 

Since the two phenomena differ so widely from each other 
in general character, it is not surprising that there is no 
clear parallelism between them when special points are ex- 
amined. It has been shown that in the case of refractive 
index, the substitution of a double linkage for a single bond 
produces a definite change in the refractivity of a molecule ; 
and in the case of magnetic rotation the same alteration in 
structure leads to a change in rotatory power, though the 
increment in this case is not a fixed one. When optical rota- 
tion is investigated, however, even this general rule fails ; 
for it has been shown > that no conclusions can be drawn aa 
to the influence which increased unsatnration in a molecule 
will exert upon the rotatory power of the molecule. 

In the case of sulphur atoms, the calling into action of 
extra valencies seems to have a slightly depressing effect 
upon the rotatory power, as the following figures' show : — 

Di-i-amyl sulphide (C,H,i),S 42-67'' 

Di-i-amyl sulphoxide {Ct^a)^ 37" 

Di-I-amyl sulphone (CaHnijSOa 34' 

The introduction of a Bjrstem of conjugated doable bonds 
into a molecnla, however, exerts upon optical rotatory power an 
influence almost as clearly marked as that which is observed in 
the cases of refractivity and magnetic rotation. Hilditch ^ has 
shown this in the following way. By examining the rotatoiy 

1 miditch, Trant., 190S, 93, 1, 701 ; 1911, 99, 206 ; PiokftTd and EenTon, 
Und., 1911, 99, 16; Bupe, Jn»al«n, 1908, S27. U7; UlT, 99. 414; HftUer, 
Comjrf. mul, 1908, 136, TBS, 1322, 1618. 

*Hildltch, Ttoiu., 1908, 93, 1818. 
* ' mi., 1S8S, 1618 ; 1909, 96, SSI, 1070, 16T8 ; 1910, ST. 1091 ; 1911, 99, 3M. 
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powers of a series of menthyl estere and bmcine salts derived 
from the higher normal fatty acida, he arrived at a mean value 
which he designates as the "normal" value for the mentiiyl 
ester or tiie brucine salt. On comparing the deviations from 
tiiis nonnal value in the cases of compounds coutaining conju- 
gated doable bonds and others in which the conjugation was 
destroyed by partial saturation, he found that the conjugated 
substances showed very much greater deviations. For example, 
pyruvic acid (I.) contains a system of conjugated double bonds 
whilst in Uevulioic acid (II.) this conjugation is destroyed by t^e 
int«rposition of two methylene radicles : — 

CH,— C—C— OH CH,— C— CH,— CH,— C— OH 

II II II II 

o 

a.) (iL) 

The deviations from the normal value found by Hilditch in the 
case of the menthyl esters and bracine salts of these acids are 
given below : — 





Henthfl estei. 


BrnoinB wit. 


fruvic acid 


+ 28° 


+ 162-2° 


evulinic acid 


+ 11-8= 


+ 71-9° 



A similar result is found in tlie case of the camphor mole- 
cule ; for the substitution of a carbonyl radicle for a methylene 
group leads to a very great increase in rotatory power : — 



Camphor. 


Camphaiquinone. 




/C=0 


Wf - 55-2- 


[a]^ - 113-2" 



Even space-conjugation may make its influence felt upon 
optjcal rotatory power. On examining the rotations of the 
menthyl esters of a series of dibasic acids, Hilditch ^ found the 
following values for the molecular rotation : — 



■HUdiloh, ZVotu., 1909,96, 1578. 



D,g,l,..cbyGOOglC 



RESIDUAL AFFINITY AND PHYSICAL PROPERTIES 2? 

UrolhTl wtsT ol — HoleonW roUtion. 

Oz>lio acid - 880-6° 

Uftlonio - 801-1° 

Sacomio , - 823-7° 

Qlnterio - 828-8° 

•Adiido „ - 868-ff" 

PimdJo , - 8*1-5° 

Suberic „ - BSl'l" 

Aadkie - 897-2° 

8«bftoio „ - 3!!0-6° 

Inspection of these fignrea BhowB : (1) a very high vslne in the 
case of the oxalate ; (2) a pronounced de|H%sBion in the next 
three values ; (3) a second maximum at adipic acid (marked 
with an asterisk) ; (4) an irregolu fall after this point with 
alternations recalling those obBerved in the case of the melting- 
points of the acida 

Id the case of oxalic acid, the high rotatory power can be 
accounted for by ttte presence in the molecnle of two conjugated 
catbonyl groups. In the case of adipic acid, it is evident 

(3) (2) (1) 
HC>-C=0 CH,— OH,— C^H 

H0-0=0 A) 

OH,— CH,— (X-OH 

(4) (6) (6) 
Oz«Uo Acid. Adipio Acrid. 

from the formula above that the two carbon atoms carrying 
residual affinity are in the critical 1, C-position with regard to 
each other ; and it seems not unwarranted to ascribe the high 
rotatory power to this association. 

9, Fhaoreacenee and Lwminescence. 
When a beam of light falls upon certain compounds, it is 
foand that they glow in a characteristic manner as long aa the 
exciting ray persista. The light which they emit is not due to 
reflection ; for when the incident ray is polarised, the light 
emitted by the substance is found to be unpolarised ; which 
appears to prove that it takes ita origin within the molecules 
of the compound. A kindred phenomenon is observed when 
the vapours of certain organic compounds are subjected to the 
action of the Tesla discharge, under which they glow more or 
lees brightly. 
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Neither of theae phenomena has yet been treated qnantita- 
tively ; but a connection has been traced between laminescent 
power and magnetic rotation ; and some conclaaions have been 
drawn which are of interest from the standpoint of residual 
affinity. 

The first systematic study of the relations between fluores- 
cence and chemical constitution was made by R. Meyer,* who 
found that the presence of certain groupings in the molecule 
went hand in hand with the power of fluorescence. For 
example, in the six-membered structure below 



/°\^/K. 



the following changes may, inter alia, be meg :- 



Groups such as these are termed fiuorophora ; but in order 
that duorescence may be exhibited, they need to be united 
with benzene nuclei. For example, pyrone (I.) shows no 
fluorescence, but diphenyl-pyrons (II.) is fluorescent in sul- 
phuric acid solution : — 

/CH HC. /CH 

a.) (n.) 

The presence of substituenta has a marked influence upon 
fluorescent power. Thos fluorescein displays distinct fluores- 
cence ; dibromo-fluorescein has a much weaker power ; and 
tetra-iodo-fluorescein exhibits no detectable fluorescence. 

In the light of recent research, it seeniB most probable that 
the seat of fluorescence lies in the benzene rings and that the 
fluorophore groups merely serve to shift the wave-length of 
the light emitted from the ultra-violet up into the visible 
region of the apectnun. 

1 B. Meyer, Zeitaeh. pKytikal. Chtm., 1897, 24. 368 ; B»r., ISQS, 31. SIO ; 
1903, 36, 3967. 



< 
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No theory has heen suggested which includes all cases oE 
fluorescence ; but Hewitt's hypothesis of doable symmetrical 
tautomerism ' suffices to account for a very large number of 
the known cases. According to Hewitt, a fluorescent substance 
occara in two interchangeable forms, one of which is capable 
of absorbing the energy of the incident light and of changing 
into the second form during the absorption. The emission of 
the light-energy as fluoreBcence ia then accompanied by the 
reconversion of the oompound to its original structure. 

A concrete example will make the matter clearer ; and the 
case of fluorescein may be selected. Suppose that the substance 
exists in the form lo. By the action of light it may pass into 
tiie stm<rf>ure IL and thence into li. The action is parallel to 
that of ft pendulum which starts from an extreme point, la., 
swings throng its equilibrium-position, II., and then sweeps 
upward to its other extreme point, li. 




OA 



^ 



\ 

COOH 
(li.) 

This theory of Hewitt ia the only one which satisfactorily 
acconniB for the fact that diphenyl-pyrone is non-fluorescent 
in neutral solvents but shows marked fluorescence in strongly 
add aolutioDS. In the one case, there is no possibility of double 
symmetrical tautomerism ; bnt with the formation of an oxoninm 
salt, the process becomes possible. Exceptions to Hewitt's 

■Hewitt. Z^tMh. fhgKkaX. Chem., \9fXi, ^,\\ ^. 3oe. Chtm. Ind., 190S, 
a, 127. 
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thecn'y have beea found in certaiQ caaes, notably in the ultra- 
violet fluorescence of benzene, where do double aymmetrical 
tantomerism is possible. 

The Hewitt theory, however, suffices to bring out the fact 
that the prodactioa of fluorescence appears to be closely related 
to a series of rearrangements of residual affinity within the 
fluorescent molecule. 

Turning now to the question of luminescence, it is found 
that two factors are requisite before this phenomenon can be 
displayed; a fuminojiAore group containing a benzene ring and 
an auxochrome radide audi as — N(CH,)„ — OH or — NHj. 
When luminescence ia shown, it is generally foiind that the 
compound exhitats marked reactive power, a readiness to yield 
a para-quinone on oxidation and anomalous optical and 
magneto-optical behaviour. 

For the present purpose it will be sufficient to examine the 
last of Uiese, since it is only in that case that quantitative 
measurements have been made. The magneto-optical quality 
of aniline will suffice as an example. The known value of the 
magnetic rotatory power of benzene is 11'284; and the 
constants for nitrogen and hydrogen are respectively 0-717 
and 0'254; so that if it be assumed that no mutual inSuence 
occurs between the group C«H{ and the radicle — NHg, then 
the magnetic rotatory power of aniline can be taken at the 
sum of these three numbers: 12*25. The observed value is 
16'07, so that the anomaly, on this method of calculation* 
is + 3-82 

Now, when the anomahes of various benzene derivatives 
are calculated in this way and the results are then placed side 
by aide with the luminescent power of the compounds, it is 
found that there is a remarkable general parallelism, as the 
following list shows : — 

Anomil]' Ltuulneaceiit Power. 

Nitrobencene - 3-10 None 

BTomobaoMDe - 0*09 None 

Fhanetol -h 1-61 Wabk 

AnUJne + 8-82 Strong 

Dimethyl uiUina . . . . + 8-69 Inteose 

IHmetbyl-ji'phenyleDe-iUBiiiine . . + 10-97 Ver; Inteose 

'Note Uiat this is not tha true anomal; but reprawnts the theoretloftl 
dsvlatioii ol the bemene nucleaa from ibi uormftl state on aooount ol the 
pce«enoe of the uaino mdicle. 
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From these figurea it ia evident that when the anomaly is 
zero or a minus quantity, the luminescent power is n^ligible ; 
whereas a positive anomaly is paralleled by luminescent power, 
the two properties increasing together. This suggests that 
lomineecence is conditioned by the conjugation of the residual 
affinity of the phenyl group with that of the side-chain. 

To test this, let us examine the cases of aniline and acetant- 
lide. In aniline, the amino radicle has its full store of residual 
affinity which can act upon the phenyl nucleus ; in acetanilide, 
on the other hand — as is clear from its chemical reactions — 
the entrance of the acetyl radicle has neutralised some of the 
free affinity of the nitrogen atom, so that it can exert less 
influence upon the phenyl radicl& 

Anomolf . Lun^eacent Ponm' 

NHi— C^ 8'83 Strong 

OHr-CO— NH— C^, . .1-96 Wb»1c 

TIios the introduction of the acetyl radicle has lowered the 
anomaly and has reduced the luminescent power, just as might 
be expected from the theory. It therefore seems to be the 
case (iiat the greater amount of residual affinity there is in the 
aaxochrome group, the greater is its paralysing effect upon 
the phenyl nucleus and the greater the luminescent -power of 
the compound. 

Thus, although the quantitative investigation of lumines- 
cence is as yet in its infancy, enough is known to exhibit the 
mflaence which residual affinity exerts upon the phenomenon. 

10. AhBOrption Spectra. 
When the light of an iron arc is passed through a short 
oolomn of a solution, two phenomena are possible. In the first 
[dace, it may be found that the transmitted light has been 
robbed of some of its rays in such a way as to leave a band 
of light which contains all the wave-lengths of the iron arc 
np to a certain point in the spectrum whilst all waves shorter 
tiian this have been absorbed by the Uquid. In this case the 
{^enomenon is one of general abeorption. On the other hand, 
it may be fotmd that the transmitted light has been selectively 
absorbed. For example, ail the blue rays may have been 
absorbed by the liquid, whilst the spectrum on either side of 
the blue ia still transmitted In this case the spectrum of the 
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transmitted light will obvioualy not be continuous but will 
appear as a band of light interrupted at the region of the 
absorbed rays. Such a case is termed selective abaorption. 
These two phenomena, general and selective absorption, are 
closely connected with residual affinity, as will now be shown. 
Consideriiig first the problem of general absorption, it ia 
found that the introduction of unsaturation into a molecule 
tends to increase the absorptive power of the compoond' 
Fig. 2 shows the relative absorptive powers of succinic acid, 
HOOC . CHj . CHj . COOH, and the two stereoisomeric maleic 



Osoilltiion Freqi 




and fumaric acids, HOOC . CH : CH . COOH. Solutions of the 
tbree substances were examined in various layers of different 
depths and the ordinates represent the logarithms of the 
corresponding thicknesses of an N/10,000 solution whilst the 
abscissee are the oscillation frequencies of the various lines in 
the complete spectrum. The red end of Uie spectrum is placed 
at the left, the ultra-violet at the right-hand of the diagram. 
The heavy black lines repreaeut the demarcation between 
transmitted and absorbed light, all light to the right of them 
'Msgini, J. Chim. phyi., 1904, 2. 103; Stewart. Triau., 1907, 91. 199, 
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bein^ absorbed whilst all to the left of them is tranamitted 
It will be seen that maleic and famaric acids absorb very mach 
more light than the correspondiiifr aatnrated oomponnd, sac- 
ciiiic acid. Evidently, then, the presence o£ onsaturation in a 
molecule tends to increase its power of absorbing light. As in 
the case of o|ftical rotatory power, the relative inflaences <rf 
doulde and triple bonds apon absorption spectra appear to ob^ 
no definite rule; for sometimes the double bond appears to 
exert a greater effect than the triple bond and vt«e verso. 

It Bhonid be pointed oat here that abscorptioD spectra are so 
sensitive to constitutional factors that only a few attempts have 
been made to apply calculation to iheia* 

Turning to the question of conjugational influence upon 
general absorption, it is found that this is very strongly 
marked. For example, on comparing the general absorptive 
power of cyannric and iaocyanuric esters, it ia found * that the 
normal compound (I.) is very much more absorbent than the 
iso-derivative (II.) : — 

OEt O Et 



A, 



)Et O Et 

(L) (IL) 

and from the formulae it is evident that the one btroctnre 
contains a series of conjugated double bonds, whereas the other 
has only three isolated carbonyl radiclea Examination of a 
large series of substances shows that this is a general rule, the 
conjugated compound being always more absorptive than the 
unconjugated isomer.* The influence of conjugated double 
and triple bonds has also been examined ; bat here it ia found 
that constitutional factors seem to influence the problem con- 
siderably.* 

The effect o£ space-conjugation baa been traced among 

1 Httiri, ^(uiM (b jihotocMmM, 1919. 

*CryinbIe, Stamrt, Wright and Rea, Trant., 1911, 99, 1262. 
* Crymble, Btswftrt, Wright and Olandianine. <ind; iCl. 
•Haobeth and Stawut, tiid. , I91T, 111, 899. 
3 
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absorption apectra in the following way.^ Stereoisomeric com- 
poondfi of the type 

A— C— B A— C— B 

X— C— Y Y— C— X 

were examined, and it was found that when A, B and Y were 
groQpB c<Hitaining no residual affinity, then the j^neral absorp- 
tive powers of the two isomers were ahnost identical When 
A and Y were groups containing no residual affinity whilst B 
and X were centres of unsaturation, then the two isomers ex- 
hibited markedly different absorptive powers. This shows 
that in order to produce a difference in absorptive power be- 
tween two isomers, the change of one isomer into the other 
must be accompanied by the shifting in the relative positions 
of two unsaturated centres ; from which it seems clear that these 
two centres of residual affinity must influence each other to 
some extent, even though they are separated in the compound's 
structure and in space. 

A concrete example will make the matter dear. In the 
change of citoiconic acid into meesconie acid, the two carboxyl 
groups (which are centres of residual affinity) are chan^g 
their relative positions ; and in this case there is a marked 
change in absorptive power. In the case of erudc and brassidio 
acids, there is only a single centre of residual affinity in the 
molecule (apart from the central double bond), so that no such 
alteration in the relative positions of two nnsaturated groups 
takes phice ; and, in consequence, the transmutation of erucic 
into brassidic acid involves very slight change in general ab- 
sorptive power. 

CH,— G— «00H CH,— C— COOH 

H— C— COOH HOOC— C— H 

Oitraoonio Kold. MesaoODlo aotd. 

H— C— CgH„ H— C— CgHii 

HOOC— C— H H— 0— COOH 

Eruoic ooid. Br&uidin acid. 

The residual affinity centres are indicated by heavy type in the 
formuhe. 

■MMbeth, Stemrt and Wri(h(, ZVoni., 1S12, 101, 699. 
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It IB DOW nfioessary to torn to aaLeetive ftbsorption and see 
what influeQce residaal affinity produces in this field. In the 
first place, it is found that selective ahsorption Ib produced 
ocnlj when a molecule contains at least one centre o£ residual 
affinity. Acetone, containing the double linka^ of the carbonyl 
group, CHj.CO.CH,, exhibits an ahsoqition band in the 
ultra-violet region of the spectrum ; but when two hydrogen 
atoms are added on to the molecule, jaroducing isoprof^l alcohol, 
CH, . CH(OH) . CH„ the power of selective abrarption is lost 
and the compound shows only general absorption tbroaghont 
the phott^raphic spectrum. 

The influence of conjugation makes \\a appearance very 
markedly in the case of selective absorption. Acetone, aa has 
been said, haa on absorption band in the ultra-violet. Acetonyl- 
acetone, CH. . CO . CH, . CH, . GO . CH„ has a baud in 
exactly the same re^on of the spectnun. But when the two 
carboayl groups are brought into joxtaposition, as in diacetyl, 
CHi-CO.CO.CHy BO that a conjugated system of double 
bonds is produced in the molecule, the band in the ultra-violet 
Ib replaced 1^ a band in the visible region,' to which diacetyl 
owee its yellow colour. The introduction of a third carbonyl 
group in proximity to tiie other two brings the band still 
further toward the red end of tiie Bpectrum, so that the colour 
deepena 

OH, . OO . OH, OolontlMB.* 

OH,. 00. 00. OH, Blight Tallow. 

OH,. 00. 00. 00. OH, Onnga. 

The dicarbooyl system yields an example of spaoe-conjuga- 
tion in the case of quinone — 

/CH=CHv 
0=C< >C=0 

^ch^=ch/ 

In this compound the two carbonyl groups are obviously 
separated from each other structorally, yet the absorption band 
of quinone* is exactly like that of diacetyl; which seema to 
show that the quinone carbonyls, though apparently far apart 

1 Bftly BDd Stewftit. TVoni., 1906, 89, G02. 'Jliid. 

■ Ths absorption bond in aoatona dooa mil afi«ot onr ejei, itaae w« oatmot 
appMoiiite ultn-Tiolet my*. 

3* 
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in the structure, are yet near enough in space to influence each 
other jost aa the two carbonyls in diacetyl do. 

An interesting example of conjugation > is furnished by 
some iodine denTatiree; for here the unsaturated centres are 
the iodine atoms and not radicles like the carbonyl group. 
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Examination of the absorption corves shown in Fig. 3 will 
show that there are three bands in the spectra of alkyt iodides, 
these bands having their heads respectively at the frequencies 
4000, 3400 and 2900 approximately. The following table 
shows the relations between the various compounds: — 

^ Cirmble, Stewart and Wright, Btr., 1910. dS. lieS. 
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Band occurs at a frequency of 



4000 


3400 


2900 


CH,-I 

in. 


CH<| 




CH,— I 
CHr-I 


k| 


oh/j 




KI, 


KI. 



It appears from this that the band at 4000 is characteristic of 
one iodine atom, either alone or separated from others by at 
least two carbon atoms. The band at 3400 is produced when 
two iodine atoms are attached to the sa/me carbon atom. 
Finally, the third band at 2900 occurs only when there are 
three iodine atoms closely associated together in the molecule. 
Turning to a more general problem, the relationship between 
valency and absorptive power may be tonched upon.' Taking 
as a standard a lO-millimetre thickness of a normal solatiou of 
a salt (or a length of solution containing the equivalent quantity 
of a metallic ion), Crymble classed as "diactinic," or non- 
absorptive, those compounds which transmit light up to a 
wave-length 2300. Under this definition, metallic ions may 
be grouped into the following categories : — 

A. Non-absorptive ions : Li, Na, K, Be, Mg, Zn, Cd. Ba, Al 

and Th. 

B. Ions showing only general absorption : Hg, Tl, Sn, Pb, 

Sb and BL 

C. Ions showing selective absorption : Cu, Ce, Mn, Fe, Au, 

Or, U, Co, Pt, Ti and V.- 
Inspection will show that all the metals placed in Class A have 
a fixed valency; metals in Class B are capable of changing 
their valency, but only by even increments {e.g., divalent 
tm to quadrivalent tin or monovalent thalUum to trivalent 
thallium) ; whilst metals of Class C change their valency by 
odd * increments (e.g., divalent to trivalent iron, trivalent to 
quadrivalent cerium). It seems not impossible that here in 
the atoms of the elements there is something equivalent to 
the differences found in organic compounda Two ethylenic 

» Oiymble, Proc 19X1, tJ, 68. 

* Qold appeuB to be ftn BxoBptloii to tha mle. 
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linkages produce general abBorption Id a molecule, whilst two 
conjugated carbonyl radicles give rise to selective absorption ; 
and it may be that in the atomic etracture tliere may be centres 
of affinity which behave in an analogous manner with regard 
to light. 

11. Oonctumon. 

The foregoing pages contain sufficient evidence, drawn from 
many very different fields, to show the far-reaching influence 
which residual affinity exerts upon the physical properties of 
compounds. No attempt has been made to indicate all the 
properties which are affected by this factor, for a full treatment 
of the subject would occupy too much space ; and It must not 
be supposed that all the effects of residual affinity have been 
dealt with in the previous sections of this chapter. 

There is another problem which hinges directiy upon 
residual affinity, and that is the question of the relative intra- 
molecular motions of groups of atoms. It can hardly be assumed 
that the molecules of a liquid contain rigid arrangements of 
atoms such as Bragg has shown to exist in the solid state ; and 
even in crystals it is possible that the atoms are in motion 
about certain mean positions. Any such intramolecular move- 
ments will naturally entail changes in the mutual influences 
exerted upon each other by the various centres of residual 
affinity within the molecule ; so that we should expect to find 
some indications of this in the physical properties of substances. 
In some of the grosser properties, this action is manifest ; for 
the lessening of cohesion which is observed when the tempera- 
ture is raised can readily be accounted for on the hypothesis of 
residual affinity coupled with that of intramolecular vibration. 

Yet another field of inquiry suggested by the residual 
affinity question is concerned with the relation between additive 
and constitutive properties. Why, for example, is refractive 
index BO closely additive, whilst absorption spectra appear to 
be almost entirely constitutive properties? The more this 
question is pondered, the vaster the field appears which is open 
to research in this direction. 
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CHAPTER HI. 

DOUBLE SALTS. 

1. Introductory. 

The complications to which even the simpleet chemical proceeses 
may give rise are well illuatrated by dissolving two Bobstancefl 
in a solvent and subsequently allowing the solution to evaporate 
until crystals are produced. In the case in which Uie two 
solutes are organic compounds, or salts containing a common 
ion,* there are four possible results. 

1. The two solutes may separate from the solvent in the 
tana of independent crystals, so that it is possible to divide 
the one substance from the other by purely mechanical means. 
In this case the material is termed a eongtomerate. For 
example, if a mixture of sodium chlwide and sodium nitrate 
be crystallised from solution, two sets of crystals are produced, 
one of which contains only sodium chloride whilst the other 
set is composed solely of sodium nitrate. 

2. The crystals which are deposited may each contain both 
solutes in quantities depending upon the percentage and 
solubility of each solute present in the solution. In this event, 
no mechanical separation can be effected, as each individual 
crystal contains a mixture of both solutes. If the crystals be 
redissolved in fresh solvent which already contains a certain 
amount of one of the eolut«8 dissolved in it, then on evaporaUon 
a fresh set of crystals will be obtained which vrill have a com- 
position difierent from that of the first set. A crystalline 
material of this type, in which the two solutes are not 
necessarily present in simple molecular proportioos, is said to 
be a solid eoltUion.-f An interestiog case of solid solution is 

* This 0M« is ohoMn to avoid tha compliD&tionB uMng (rom the ohemlekl 
IntanatioDS of four dlSennt buio uid acid ions. 

tThe term ntaad oryitali, daiived from the Oarmaii Mitehkryttallt, ii 
W Applied lo lolid wlatioiis ; but iti nee ia to b« KTolded, u it auggMta 
~ a ooDglomerate. 

39 
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fnmiahed by the chltn^tes of thaUium and potassium.' To a 
atrong solution of tballium chlorate, some potassium chlorate 
is added; and the liquid is then allowed to evaporate. The 
crystals which are deposited contain both chlorates, the thallium 
chlorate being in excess. If greater and greater quantities of 
potassium chlorate be added to tho solution before evaporation, 
larger and larger proportions of potassium chlorate make tbeir 
appearance in the crystals. When the proportion of potassium 
chlorate in the solid solution reaches 36*3 per cent, a second 
set of crystals makes its appearance in which the proportion 
of potassium chlorate is 98 per cent. It is evident that this 
is analogous to the solution of phenol in water; and that the 
two sets of crystals represent respectively a solid solution of 
potassium chlorate in thallium chlorate and a solid solution of 
thallium chlorate in potassium chlorate. 

3. As in the last case, the crystals depc^ited from the solu- 
tion may each contain both solutes ; but here re-crystallisation 
from a solvent containing one of the solutes produces no altera- 
tion in composition. Further, the two solutes are present in 
the crystal in simple molecular proportions. If the solutions 
of these crystals exhibit all the reactions of the two parent 
solutes, a double salt has been formed. The case of the alums 
will BuiBce to illustrate these phenomena. When potassium . 
and aluminium sulphates are allowed to crystallise together 
from solution, crystals are produced which have the composi- 
tion corresponding to KjSO«, A1,(SOO„ 24H,0. Further 
re-crystallisation of these alum crystals from a solution con- 
taining potassium sulphate does not lead to any alteration in 
the chemical composition of the alum, though some potassium 
sulphate crystals may be deposited as well from the liquid. 
It will be seen that in the alum the potassium sulphate and 
aluminium sulphate are present in simple molecular propor- 
tions. Finally, when the alum crystals are redissolved in 
water, the solution will give the ordinary tests tor potassium, 
aluminium and sulphate ions, and will show no new propertisa 

4. Crystals may separate from the solution and on analysis 
may be found to contain both solutes in simple molecular pro- 
portions; but if these crystals when redissolved in the solvent 
are found to yield a solution having chemical properties dif- 

' Boouboom, Zeiltch. phytikal. Chtm., 1891, 8, CM, 630. 
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ferent from thoae of either of the original solutes, the case is 
one of compUx salt or molecular compound formation. Thus, 
when cobaltous cyanide and potasainin cyanide are dissolved 
in water and ihe solation is treated with alcohol, amethyst- 
coloured crystals are produced which have the composition 
KfCoCCN)^ This potassium cobaltocyanide shows none of the 
ordinary cobalt or cyanide reactions bat instead exhibits an 
entirely new aeries of chemical properties. It is therefore a 
com[dez salt. 

The phenCKuena of double salt formation will be dealt with 
in the present chapter; and here it may be well to indicate 
some pointe of interest which suggest themselves in this con- 
nection. 

In the* first place, owing to their many points of resemblance, 
donble salts and the hydrates of certain other salts may be 
classified together, the hydrates being regarded as double salts 
in which one of the constituents is water. This brings to light 
a question which Ulostrates the importance of double salt 
formation from the point of view of chemical affinity. Under 
our ordinary assumptions as to valency, sodium sulphate is a 
saturated compound, for all its atoms are exerting their full 
normal affinity. None the less, it is capable of combining 
with no less than ten molecules of water to form the deca- 
hydrate, which is a well-defined crystalline material Evidently, 
then, in addition to our ordinary valency conceptions we must 
introduce a further idea of chemical affinity which will enable 
us to account for the production of these hydrates and double 
salts. 

It is possible to assume that the double salt or hydrate 
may come into existence through the exertion of valencies 
which normally play no part in our formuUe. Thus the 
oxygen atom in a water molecule is represented only as di- 
valent, whilst actually we know that oxygen may exist in the 
quadrivalent state. Similarly, the onion of the oxygen and 
sulphur atoms in sodium sulphate is represented by a double 
bond ; and this junction may not utilise all the available affin- 
ity of the two atoms, leaving some atUw;tive power still in 



In any case, however, the main point of interest is the 
apparent feebleness of the attractive forces in the case of 
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double salt formation ; for, aa will be seen later, a mere change 
of temperature through a slight range is sufficient to render 
the double salt incapable of stable existence. Solvent action 
also has a marked influence upon the stability of double salts. 
The very slight variations in external conditions which thus 
bring about deep-seated chaitges in the chemical compoeition 
of double salts make tiie matter one of no little interest &om 
the p(Hnt of view of chemical affinity. 

The relations between donUe salt formation and crystalline 
character are too obvious to require more than a passing men- 
tion, for the case of the alums is well known. Here, again, tiie 
influence of external conditions is very marked ; for the pheno- 
mena of deliquescence and efflorescence show that alight diangea 
in the pressure of water-vapour in the air surrounding certain 
salts are sufficient to alter the physical nature of the materials 
beycmd recognition, owing to the deetruction of the crystalline 
character. Further developments in our knowledge of the re- 
lation between double salt formation and crystalline structure 
may be expected from the application of the X-ray method of 
crystal analysis. 

2. £(om« Gh^mical Factora Infiuencing Double SaU 
Formation. 

It has already been pointed out that the power of forming 
double salts is not possessed by all compounds. The chemical 
nature of the ions from which the salts are produced appears 
to be a factor of importance in the matter. Thus magnesium 
sulphate and ferrous sulphate do not combine to form a double 
salt bub yield a conglomerate instead ', yet ferrous sulphate and 
ammonium sulphate give rise to Mohr's salt — 

(NH,XS04.FeS0».6H,0. 

Evidently the substitution of ammonium for magnesium suffices 
to call the power of double salt formation into existence. Again , 
from zinc sulphate and copper sulphate no double salt is obtain- 
able, despite the well-known capacity of copper salts to yield 
complex compounds ; but zino sulphate and potassium sulphate 
produce the double salt having the formula — 

ZnSOt . KjSO* . 6H,0. 
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The ftcidie radicles also show similar phenomena; for while 
sodium chloride yields no donble salt with sodium nitrate, the 
latter compoand forms a double salt with sodium snlphatre. 

Atomic weight appears to have some inflaeuce upon the 
formation of double salts.* When ferric chloride is crystaUised 
from a solution containing chlorides of the alkalis, it is found 
that sodium chloride frams only a series of solid solutions with, 
the ferric salt ; potassium chloride at 21' |»oducee a double salt 
having the oompoeition: FeCI, . 2KC1. H^O; whilst at the 
same temperature caesium chloride yields two different double 
salts having the compositions : FeCl, . 2CbC1 . H,0 and 
FeCl, . 3CsCl . H,0. It appears &om these results Uiat in- 
crease in atomic weight throngbont the same chemical family 
has a favom^ble influence upon donble salt production. 

According to Betgers,* double salt formation is not to be 
expected from two salts which form a series of solid solntions 
of varjring compoeitioD ; and, conversely, if two salts combine 
to produce a double salt, it is unlikely that solid solntiona of 
the two salts in each other will be obtainable. For example, 
ferrous sulphate yields solid solutions with magnesium sul- 
phate, but no donble salt can be obtained from tiie two; 
whereas potassium and sodium sulphates give rue to a double 
salt but cannot be made to form solid solutions. 



3. Traruititm TempeTatiu-es. 

The influence of temperature upon the stability of double 
salts was brought to light by the work of Scacchi * upon optic- 
ally active and racemic compounds, in the course of which he 
showed that when a racemate is crystallised at high tempera- 
tures no resolution into the two antipodes is obtained, whereas 
CTTstallisation at a low temperature results in the formation of 
a conglomerate containing crystals of the two optically active 
forms. 

Investigations in this fleld by van't Hofl)* to whom we owe 
the main advances in our knowledge of the subject, showed 

'Hiniichaen uid SuhMl, ZeilseJi. phyiikal. Cham., 1901, 60. 81. 
*Bat«em, ibid., 1B89, 3. 289, 197, 4, 1B9, 6. 1S6 ; IBQO, B, 193 ; 1892, 8, S- 
■SMOohi, Bmd. Aoead. Sei. Fit. Mat. NapoU, 1865. 300. 
' no't Hofi, Bildung tmd Spalttmf von Doppeltalmn, 1897. 
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that this behftTiour is characteristic of all doable salts and salt 
hydrates. There is a certain temperatare — to which van't 
Hoff gave the name transition temperature — which marks 
the npper or lower existence-limit for a double salt or a salt 
hydrate. Each salt or hydrate has its own pecnliar transition 
temperature. It must not be assumed that conglomerates 
always exist below and double salts above the transition tem- 
perature ; for this is not the case. For example, the douUe 
salt leonite, MgSO* . KjSO* . 4H,0, exists only between ei-fi' 
and 18°. Above 61*5° and below 18° crystallisation leads to 
the formation of magnesium and potassium aalphates in con- 
glomerate form. Again, at temperatures below 92°, the double 
salt, CuClj . 2KC1 . 2H,0, crystallises from solution ; but above 
92° only the separate copper and potassium chlorides appear. 
On tiie otiLer hand, when a solution containing magnesium and 
sodium sulphates is evaporated below 22° the crystals formed 
are a conglomerate of the two sulphates ; above 22°, however, 
the double salt astrakaoite, MgSO* . NajSO* . 4HiO, is pro- 
duced on evaporation of the solution. 

The dominating factor in the problem is, of course, the heat 
of change which is required to convert the eimple salts into the 
doable salt, or vice versa, at the transition temperature. Ac- 
cording to Le Chatelier's theorem, at the higher temperature, 
that change will take place which is accompanied by the ab- 
sorption of heat If, therefore, the production of a double salt 
from its components is an endothermic reaction at the transi- 
tion temperature, the double salt will be stable above the tran- 
sition point ; whereas, if the formation of the double salt be an 
exothermic process, then the double salt will be stable at low 
temperatures and its components will exist uncombined above 
the temperature of transition. 

It raay be noted that the characteristic of the transition 
temperature is the change of physical state which occurs as a 
system pEisses through the transition point; and this brings 
out the correspondence between the transition temperature of 
a double salt and the point of liquefaction of a gas or the 
melting-point of a solid. In some cases the physical resem- 
blances between the two processes are very close indeed. When 
sodium sulphate decahydrate, for example, is heated to its 
transition temperature, so much water is liberated that the 
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sc^d Bolphate dissolTes in the eztraded liquid; and the 
phenomena appear identical with those exhibited by a solid at 
ita melting-point. 

Turning now to the methoda whereby the transition point 
of a doable salt or a salt hydrate may be determined, it will be 
found that the moat varied properties have been utilised as an 
index to show the occurrence of a change of physical state in 
the material. These methoda may now be taken up in torn. 

1. The DUatometric Method.^ — When a double salt is 
eonverted into its components, or tnce versa, it is to be expected 
that there will be a sudden change in volume due to the 
alteration in constitutioo. If this volume change be sufficiently 
marked, it forms one of the simplest criteria of the transition 




From Pindlay's •• Pliau Suit ". 

temperature. The apparatus employed, the dilatometer, re- 
sembles a thermometer with a very large bulb. Into this bulb 
the double salt is introduced and is covered with oil. The 
level of tiie oil is read off on the graduated stem of the dilato- 
meter just as we read off the height of mercury in a ther- 
mometer. The bulb of the dilatometer is now placed in a bath 
whose temperature is gradually raised. Readings are taken 
simultaneously of the bath temperature and the height of the 
oil level in the stem. At first, there wUl be a steady rise 
proportional to the temperature ; but when the transition 
point is reached there will naturally be a rapid change in 
volume of the salt, quite independent of the normal increase 
in volume of the oil. Thus, on plotting the volume against 
> nnt Bolt, Bildmf imd Spaliwig von Dopptltalmi, 1897, p. 88. 
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the temperature, » breslc in the carve is obtained at the 
transition point. Since the transformation of a double Bah 
into its components, or the reverse process, is not iostantaneons, 
there is usually a slight lag in the volnme increase. To allow 
for this it is beat to make two sets of measurements, one 
with a rising, the other with a falling temperature. The two 
errors then counteract each other to some extent (Fig. 4). A 
modification of the m^hod allows tiiis lag to be turned to 
account. If a mixture of a donble salt and the two compon- 
ents be placed in the dilatometer, they will not inunediately 
come into equilibrium. The dilatometer bulb is therefore 
placed in a bath and allowed to attain constant temperature ; 
after which readings of Ute oil level are taken as befora Now, 
unless ih» temperature of the bath is the transition tempera- 
ture, it is obvious that the salt within the bulb will contract 
or expand in the course of time ; for if the temperature is one 
at wldcb the double salt is stable, then the components will be 
slowly changing into the double salt; or, converaely, if Uie 
double salt is unstable at the temperature of the bath, then 
it will be converted into a mixture of the components. In 
either case there will be a change iu volume, which will make 
itself apparent in the alteration of the oil level in the stem. 
Suppose a contraction takes place. The temperatore is noted 
and then the operation is repeated at other temperatures until 
some temperature is found at which expansion occurs. Now, 
at the transition temperature, since the components are there 
in equilibrium with the double salt, it is obvious that no 
change in volume can occur. Therefore the transition tempera- 
ture lies between the temperature at which expansion occurs 
and that at which contraction is observed. By a series of 
measurements the limits between the two temperatures can be 
narrowed down and thus fiually the transition temperature 
can be determined by a series of trials. 

2. The Tenaimetric JtfetAcd.— The second method ' of 
finding the transition point depends upon the fact that at Ute 
transition temperature, the vapour pressures of the double salt 
and its components must be in equilibrium. The apparatus 
usually employed is the Bremer-Frowein tensimeter as shown 
diagrammatacally in Fig. 5. The whole apparatus is first 
' T»nt Hoff, Biidttng wid Spaltung von Dopptltatftn, 1897, p. IS. 
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carefully dried, and then the two sabetanceci whose tensiona 
are to be compared are introdnced into d and e reepectivdy. 
The subataace having the greater vapour pressure is usually 
introdnced into e. Olive cal is then passed into the U-tnbe c 
by means of a fine funnel until it stands abont half-way up 
the U-tube on both sides. The tubes at /and g are next sealed 
off and a mercuiy pump attached to h. The whole apparatus 
is then evacuated. When the highest possible vacuum ia 
produced, the mercury pump is removed by sealing off the 
tube at j. The apparatus is placed in an air bath and its 
temperature gradually raised. At the transition temperature 
the surface of the oil in the two arms will reach the same level 
Of course this is only an outline of the method; numerous 
precautions must be taken and some corrections have to be 
applied in order to make it accurate. 

3. The Thermomeiric Method? — If the temperature of ice 
be allowed to rise slowly, it will be remembered that when it 
reaches 0° C. a thermometer immersed in it will remain con- 
stant until all the ice has melted. Applying the analogy 
between the transiticm temperature and Uie melting-point, 
another method of determining the transition temperature caa 
be devised. It is only necessary to note the temperature at 
which a thermometer seems to lag when the mass of douUe 
salt surronnding it is slowly heated or cooled towards ita transi- 
tion temperature. 

4 The Spectrometric Method- — The fourth method of 
determining transition points depends upon the change of 
colour which some salts undergo at the transition temperature. 
For instance, a concentrated solution of the two simple salts 
ferric chloride and potassium chloride is yellow at ordinary 
temperatures, but if it be raised to about 22° C, the colour 
changes to red, owing to the formation of the double salt 
FeCli . 2EC1 . H,0. This method may be employed even in 
cases where there is no visible change of colour, by using a 
photographic specifosoope and noting the change in the ultra- 
violet speds-um. 

5. The Solubility Method.'' — At the transition temperature 
the solubilities of a double salt and its components become 

■ v&n't HoS. BUdung und Spallung von DoppeltalMm, 1S97, p. Sb. 
' Ibid., p. 51. 
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eqaal ; and thta bos been employed in eome casee to detmnine 
the traoBitioQ point of the system. If tbe aolability of each 
of the three Bubabances (double salt and '\\a two components) 
be [Jotted against the temperature throughout a given range, 
three curves will be obtained which will cut each other at a 
point. This point givea the transition temperatore, 

6. The EtectroTJiotive Force Method.^ — It is well known that 
if two vesaels containing different solutions of some salt be 
connected bother by a tube which allows the liquid to paes 
from one vessel to the other an electric current ia obtained 
by immersing electrodes in the two vessels and connecting 
&em by means of a wire. The current passes in the cell 
from the weaker to the stronger solutioQ. Take the case of the 
two hydrates of zinc sulphate : ZnSO« . 7H,0 and ZnSO^ . 6H,0. 
Saturated solations of each of these are placed in two separate 
vessels along with some solid salt, the two vessels are th^ 
connected by means of a tube bent in such a way as to {s^vent 
Hm action being disturbed by convection carrents ; then into 
each vessel a zinc electrode is dipped. The electrodes are 
connected by a wire, and a galvanometer is included in the 
circuit. At temperatures below the transition point, the salt 
ZnSOf . 6HjO is more soluble tiian the other, so that the solution 
of ihe latter will be weaker in zinc sulphate. Hence tbe 
coirent will pass in the cell &om the vessel containing the 
heptahydrate to that containing the hezahydrato. As the 
temperature is raised, the solubilities of the salts in the two 
vessels apjxoximate more and more to each other, and conse- 
quently the current paasing becomes weaker and weaker. 
Finally, at the transition temperature, it oeasee to flow. 

7. The Viscosity Method.^ — It has been shown that the 
viscosity of the solution of a racemate is less than that of the 
corresponding active antipodes, and the transition point can be 
detected by the break in the temperature- viscosity curve. 

8. The CoTiduotivity Method.' — Electrical conductivity 
may bo employed for the determination of the transition 

■ TMi't Hofl, Bildtmg tmd Spaltung von Di^ip*ltalttn, 1897, p. iS. 

■ Dunst&n and Thole, Tram., 1903, 93, 1B16. 

■ Compus Azohibald, Traiu. Nov. Scot. Intl. SeL, 1891, 9, 907 ; JonM 4Dd 
Ua oollAbtmtoM, Atntr. Ch«m, J., 1897, 19, 88, ; 1899, 22. S i 1900, 85. S49 
LindM7, ibid., 1901, 2B. 62. 
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prant in the foUowing way. Uaing solations as concentrated 
as poaaible, the condactivity of a mixtnre of two salts in 
solntion is calculated and is then compared with the actual 
measured conductivity. If there is a difference between 
them, it tends to indicate tiut a double salt has been formed ; 
and by carrying out the experimeiits over a range of tem- 
peratures some clue may be obtained as to the position of 
the transition point 

9. The Indicator Method} — When any hydrate is heated 
to its transition temperature in presence of sodiom carbonate, 
water is liberated, and thus a solutioa is formed which has 
an alkaline reaction owing te the hydrolysis of some of the 
carbonata If, therefore, the dry hydrate be mixed with 
sodium carbonate and a farace of dry phenolphthalein before 
heating, the attainment of the transition temperature will 
be indicated by the reddening of the phenolphthalein in pres- 
ence of the alkaline solutioa The application of this method 
of transition-point determination is obviously restricted ; but 
it appears to be quite accurate within its own field. 

10. The Density Method.* — In cases wherein marked 
hydration or dehydration occurs at the transition point, it 
is posdble by means of a delicate hydrometer to observe 
alterations in the density of concentrated solutions of thb 
salts ccmcerned. The temperature of the sdution is gradu- 
ally raised, the density is plotted against the corresponding 
temperature ; and the graph shows a point of inflexion at 
the transition point. 

4. Tranaition IntervcUt. 

We must next examine the solubility relations which 
have been observed in the case of double salte and their 
componente. The matter was touched upon in the last section 
when dealing with the determination of the tranaition tem- 
perature by means of solubility; but in the present section 
the question must be approached from a somewhat different 
point of view. 

It was shown by van't Hoff and Miiller * that the transi- 
tion temperature of rubidium racemate is 40° C. Below this 

> MaEeown, Chem. Ntm, 1920, 121^ 366. 

■I Ka indebted to IGw Peul Blali, U.Sc., tor woiUug ont thii matbod 
piaotio&Uy. 

• YMt Hoff Hid MflUer, Ber.. X898, SI. 2206. 



...Google 



DOUBLE SALTS 5' 

temperatnre the racemate exists ; above it, the individual 
dextro- and liervo-tartrates. If equal weights of the dextro- 
tartrste and of the bavo-tartrste be placed in a vessel cod- 
tAining the same weight of water at 16° C, both tartrates 
will go into solatJwi in eqoal qaantity, since their solubihties 
are equal; and since there is not enough water present to 
dissolve them, part of each tartrate will remain as a s<^d 
phase. A complication now enters into the problem. As 
the tartrates go into solution they are converted into the 
correeponding racemate, which is the stable form below 40° 
C ; and this raoemate is less soluble thao the tartrate. 
Confieqoently, the solution will be able to take up more of 
the single tartrates than it can keep in solution when they 
have combined to form a racemate. As a result there will 
be a contanual deposition of racemate to keep pace with the 
amount of tartrates taken up by the water. In this way 
the following successive steps take place : the solution of 
the two tartrates, their conversion into racemate and con- 
sequent snpersatnration of the solution with racemate, leading 
to a deposition of crystals of the racemate : and this process 
will go on until all the tartrates have been dissolved. 

This is a simple case, owing to the fact that the two 
components of the double salt have the same solubility ; but 
we must now consider a more complicated problem, and we 
may choose the case of aatrakanite, MgSO^ . NajSO^ . 4HiO, 
as an example.* 

In this case, the two components of the double salt have 
not the same solubility, and in the first place it is neccasary 
to find the solubility of the two component salts, sodium 
sulphate and magnesium sulphate, in presence of each other. 
This is done by placing an excess of both salts in contact 
with water and agitating at constant temperature until equi- 
librium is established, after which the solution is analysed. 
In this way the following figures are obtained : — 

I. Souv Peasb : lluunMii» Buif eatb un> Sosimi Bjn^emrm. 
BatioetNitSO, 
Tempantura. Ha^.. UgSO^. to HgBO^ 

A. 18-5° ai-6 t£-T 1:2-1 

B. U-S° M-8 i&^ 1:1-4 



1 Bm ElndUy, The Phait AuJ*. 1906, p. S68. 
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The fignrefl nnder NajSO^ and MgSO^ repreaent the nnmber 
of molecnlee of the salt dissolved in a thousand molecules 
of water. 

The transition point of astrakanibe is aboat 22° C. : above 
this temperature the double salt exists ; below it, the cx>m- 
ponenta are stable aa independent salts. Let us examine 
what happens at the temperature 245°, which lies above the 
astrakanite transition temperature. At this temperature, as 
the figureB above show, water will take up a greater number 
of molecules of magnesium salpbate than of sodium sulphate. 
But in solution Ukese two salts will combine to form astra- 
kanite whieh ia less soluble and will CfBisequmitiy crystallise 
out just as the racemate did in the case of the rubidium salts. 
And since astrakanite contains magnesium and sodium sul- 
phates in equimolecular proportions, it follows that -at the 
end of the process there will be an excess of sodium sulphate 
left as a sdid phase, along with the other solid phase aatfa- 
kanite. If the vapour phase be excluded, three phases axe 
preeuit (solid astrakanite, solid sodium sulphate and the eolii- 
tion) and cooseqaentiy the system is nnivariant and at a 
given temperature the solution will have a definite composition. 

If astrakanite and sodium sulphate in ezcees be placed in 
contact with water at a given temperature and the mixture 
be agitated until equilibriiim is attained, the following results 
are obtained for the number of molecules of magnesium and 
sodium sulphates dissolved in a thousand molecules of watw : — 
n. Solid Pkuh : Abibikuiitb a. 



ahdSc 


OSlVtL SiTLFBAIB. 


Mgeo^. 


B>tbotN*,BO. 
toMgSO.. 


47-0 


l:X-fl9 


86-3 


1:1-01 


29-1 


1:0-68 



Repeating the process, but using in this case asti-akanite 
and magnesium sulphate, the following results are observed : — 
in. SouD Pbabu : ASTftuuHiTa AMD Miotnaiiiic Sdlpbitx. 
Ratio of N*^. 



0.82* 


S8-S 


MgSO* 
46-S 


toMgSO, 
l;l-6 


F. 18^ 

G. a4-0" 

H.aop 


84-1 

»-8 


47-6 
D8-1 


1:1-8 
1:1-6 
1:9-8 
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Mow, let ns fix our atteutitm apoa the temperature 24-5° C. 
If pure astrakanite were disBolved in water at this tempera- 
ture, we should get in the firat place a solution contahiing 
exactly eqnimolecular quantities of sodium and magneeium 
sulphates. But in Table II., under the temperature 24-6° C., 
it can be seen that equilibrium is attained not when the two 
salts are present in equal proportions, but when there ia 
slightly less sodium sulphate present. Consequently, in order 
to reach the position of equilibrium, a stdntion of pure astra- 
kanite must deposit some sodiiim sulphate. (The case of 




a? ^ 3? a? 2F ^ 

Tempftpatupe 

Pio. 8. 

sopersaturation is disr^arded for the sake of oonvenience.) 
Thus it will be impossible to obtain at 24-5° C. a saturated 
eolution of pure asb-akanite. 

From the data in the three tables given above a graphic 
represeotation of the relations between the various substances 
can be oonstmcted. The abedssfe in Fig. 6 represent the 
temperatures, while the ordinatee show the ratio of magnesium 
to sodium sulfate in the varions solntitniB. The diagram is 
only a rough one. 

The line ACB represents solutions saturated with magnesium 
and sodium sulphates, and is drawn from the data in Table I. 
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The Line CD repreeents » series of scJutaons saturated iritli 
astrokanite and sodium sulphate, the data heing taken from 
Table II. Similarly, the line CH is drawn from data in 
Table III. and re|K«seQtfl a series of solutions in equilibrium 
with solid astrakanite and magnesium sulphate. If the ex- 
perimental data were absolutely correct, these three lines would 
meet in the point C which is the transition poiot of the system. 

An examination of the figure will show that a solution 
under conditions represented by the point P, will contain more 
Bodinm sulphate than a saturated solution of magnesium and 
sodium sulphates or of sodium sulphate and astrakanite could 
da It is therefore in a state of unstable equilibrium and 
will begin to precipitate sodium sulphate. In other words, 
the Line representing its change in composition will Lw PX, 
and the solution will only come into equilibrium when its 
composition can be represented by the point X, the tempera- 
ture being kept constant throughout. Similarly, a solution 
represented by the poiufr Q would contain au excess of mag- 
nesium sulphate and part of this salt would separate out 
until the composition of the solution became repreeentable by 
the point Z. Further, a solution represented by the point 
B would be unsaturated with regard to both sodium sulphate 
and magnesium sulphate. 

We are now in a position to understatod what happens 
when pure astrakanite is dissolved in water. Take the case of 
a solution at 28° C. which can be represented by the point S. 
All solutions of pure astrakanite in water will be represented 
by points on the line KSD, since all such points represent 
solutions containing equimolecular quantities of sodium and 
magnesium sulphates. Now, when the temperature is lowered, 
the composition of the astrakanite solution will remain un- 
changed until the point D is reached. At that pomt a change 
must take place, for if we attempt to continue along tJie line 
DT we shall produce a solution supersaturated with regard to 
magnesium sulphate; hence precipitation will occur and the 
solution will cease to contain the two sulphates in equimolecular 
quantities. The point B, then, marks the lowest temperature 
at which astrakanite can be dissolved in water without decom- 
position. But the lowest temperature at which astrakanite can 
exist is the transition point C. The interval between these two 



D,g,l,..cbyGOOglC 



DOUBLE SALTS 55 

temperatnrefl is called the tran«itum vnUftval for aetrakanite 
solations. 

The occarrence of a trauaition interval is due to there being 
a difference in the so) abilities of the two cfHnpcmente of the 
donble salt ; so it is clear that the transition interval phenomenon 
will not be observed in the case of racemic compounds, since 
these are built up from deztro and Uevo forma which have 
identical solubilities at the transition point. 

5. Thx Exiatenee of Double Salts in Solution. 

From the facta described in the last section, it is obvious 
Uiat when double salts are dissolved in water there is no 
guarantee of their existing in tJie solution in the double salt 
form ; for under certain conditions they may decompose into 
their component materials and yield a solution which merely 
contains two simple salts even though the ordinary temperatore 
limits of double salt stability are not exceeded. In order to de- 
termine whether or not the double salt exists in the solution, 
chemical methods are of no value and it is necessary to fall 
back apon purely physical properties as tests. 

In certain cases, the colour of the solution gives an indica- 
tion of the solate's condition. For example, when potassium 
chloride ia added to a ferric chloride solution, the colour of the 
liquid changes from yellow to reddish, owing to the formation 
of the double salt ; so that the colour-change forms a proof of 
double salt formation. Again, colourless lithium chloride com- 
bines with green cupric chloride to yield a garnet-coloured 
double salt. This criterion is, of course, of very limited 
apjdicability. 

Condoctivity,' magnetic rotation ' and depression of freezing- 
point may be utilised over a wider range of substances. The 
values for the two separate salto are first found experimentally 
and their joint effect is calculated from the mixture role. The 
actual value of the constants of the solution containing the 
supposed doable salt is then determined by experiment, and if 

> ArehiUld, Tran*. Nov. Soot. Znat. Soi. , 1891 , 9, 307 ; Jonea ajid Ma ool- 
Ubontotg, Amer. Chtm. J., 1897. 19, 8S ; 1899, 22. & ; 1900, 26, 349 ; LindM;, 
Hid., 1901, 26. 63. 

^BOiSiaoolt, Zeitieh. fhynkaL CAmi., 1898, 11. 776. 
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this differs from the calcnlated value it is evident that some 
interaction has taken place between the salts in solution. 

6. GriUria of the Nature of Equimolecular Mixtv/rea of 
Optical Antipodes. 
When equimolecular quautitiea of two optical antipodes 
crystallise from a solution together, it is obvious that one of 
three possible alternatives may present itself : the subatancee 
may form a true double salt ; they may yield a solid aolutJon 
or, finally, they may simply crystallise out as a conglomerate, a 
mixture of crystals of each separate antipode. 

It is well known that the melting-point of a substance is 
lowered by the solution in it of a foreign material. For ex- 
ample, the melting-point of water 
is very considerably lowered when 
salt is added to the liquid. Now, 
the same rule will hold even if the 
relative amount of the solvent be 
decreased; and, conseqaently, if 
the amount of solute be increased 
and that of the solvent be dimin- 
ished, a minimum value for the 
melting-point of the mixture will 
eventually be obtained. If the 
process be continued, it is dear 
Pio.v. *^'' fin*J'y the solvent will be 

present in less quantity than the 
s(dute ; so that their relative positions are altered ; what was 
at first the solvent now becomes the solute. When this point 
has been passed, the melting-point of mixtures of the two 
bodies will rise instead of falling, for the proportion of solvent 
to solute is now steadily increasing. 

This reasoning can now be applied to the case of solid 
mixtures of two optical antipodes. Suppose that they do not 
combine with each other chemically ; in that case a conglomerate 
or a solid solution will be present. 

If in Fig. 7 BA represents the melting-point of, say, thedextio 
form ; then as some of the Isevo variety is gradually added to 
the pure dextro form, the melting-point of the mixture will 
fall until it reaches a minimum at C, when equal quantities of 
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the deztro and bavo forma ore present in the tniztnre. Now 
let F represent the melting-pcant of the Itevo form. Since the 
melting-pointa of optical antipodes are equal, DF will be eqnal 
to BA As more and more of the dextro form is added to the 
Iffivo aabstance, the melting-point of the miztnre will fall jnst 
aa in the last case ; and in the end it will be reimeented by the 
point C. It is evident that at C both antipodes will be |H:eaeiit 
in eqnal proportions. Hence, if to such a mixture as this a 
small quantity of either ontipode be added, the meltiog-point 
of the new mixture will be higher than that of the eqnimdecnlar 
mixtTire. 




ami 




In the case of a mixed crystal composed of two optical 
antipodes, there are various possible forms for the curve re- 
presenting the meltiug-points of a set of mixtures of different 
composition. Of these possible curves, only two have been as 
yet obaerved in practice. They are of the forms shown in 
FigB. 8 and 9. 

It has been found that the two camphor oximes,^ for instance, 
form a aeries of mixed crystals, aU of which have the same 
melting-point. The curve of the melting-points of these 
mixtures is therefore a straight line. An example of the other 

> Flnabty, Phai* fiwfe, 1906, p. 1S7. 
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form of curve is famished by the carvoximes.^ In this coae, & 
maximum is found, aa shown in the figure. 

With regard to racemic substancee, in their case an actual 
compound is present. Consequently, sinoe there are three sub- 
stances in the system (the two antipodes and the racemic com- 
pound), there will be two sets of curvee, one showing Uie 
relations between the deztro antipode and the racemic substance, 
the other illustrating these between the racemic compound and 
the IsBTo isomer. Figs. 10 and 11 show poesible forms of the 
curvea 

This case is really a repetiticm of the firat one dealt witii 
above, but here the figure is repeated twice over. If the 
racemic compotmd be considered as taking the place of one of 





the antipodes: A represents the melting-point of the deztro 
form, H that of the leevo isomer, and D that of the racemate. 
The abscissEe along BE represent graphically the percentages 
of dextro isomer and racemic compound present ; while those 
along KQ represent the percentages of racemate and Iffivo 
antipode. It can be seen that an addition of either dextix) or 
laevo form to the racemate will result in a lowering of the 
melting-point. 

We are now in a position to understand the method to be 
applied. We have before us an optically inactive crystalline 
body which is made up of equal quantities of dextro and laevo 
forms. In order to decide whether it is a conglomerate, a 
mixed crystal or a racemate its melting-point must first be 
1 Adriuii, Ztitti^. phgtikal. Chem., 1900, S3. 469. 
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taken. A Bmall quantity of one of (he antipodes is then added 
to the inactive material and the melting-point of the mixture 
ia determined. This process is continued ; each time rather 
more of the antipode being added. In this way it ia possible 
to plot the curve of the melting-points of the mixtures. If this 
curve is of the type shown in Figs. 8 or 9, then the original 
material was a solid solution. If, on the other hand, the curve 
showB first a fall in the melting-point and then a rise as the 
quantity of antipode in our mixture is increased, it ia obvious 
that a true racemic compound ia present ; for the curve will 
resemble one of those shown in Figs. 10 and 11. 

Finally, if the addition of more and more antipode to the 
inactive body produces a series of mixtures whose melting- 
points are higher and higher, tiien the material is evidently 
merely a conglomerate; and the curve will be one of the 
bran^ea of that shown in Fig. 7. 
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CHAPTER IT. 

TEE PBOBLBU OF THE OOBANIC SALT DEPOSITS. 

1. The Staasfv/rt SaZte. 

In varioua parte of the earth, lat^ tracte of sedimentary de- 
posits have heen discoverod which contain high percentages of 
common salt. Sach sb^ta form the most valuable source of 
salt at the present day ; but in addition to their practical value 
they have a farther claim to attention on account of some 
physico-chemical questions which their existence soggeHte. 
The most important deposit is to be found at Stassfurt, and 
its characteristics may be described briefly before these [oxib- 
lems are discussed. 

The salt strata in the Siaasfort district may be divided into 
fonr types. Spinning at the top, there is a layer of camallite 
(MgCl, . KCl. 6HjO) mixed with a Httle rock salt; this bed 
may be anything up to 30 metres in depth. Below this oomee 
a stratum of rather greater thickness made up of kiesarite 
(UgSO^ . HjO) ; the percentage of rock salt in this layer is 
rather greater than in the camallite bed. Deeper stall lies 
a zone in which the prevailing mineral is polyhalite 
(MgSO« . E^O,. 2CaS0,. 2HjO) ; while the fourth stratum ia 
chiefly made up of anhydrite (CaSOJ. The polyhalite and 
anhydrite regions are remarkable for the manner in which 
the characteristic minerals are interspersed with regular layetB 
<^ rock salt: first comes a layer of rock salt then a Uyer of 
polyhalite, then another layer of rock salt and again a iayet of 
polyhalite. Below the anhydrite strata lies the main bulk of 
the common salt deposite. Fig. 12 shows an ideal section of 
these strata. 

While the problem of the conditions under which the 
Stassfurt beds were laid down is most interesting from the 
point of view of geology, it is evident that very little progress 
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could be made towards its solution by purely geolc^cal methods. 
Apart from tite suggestion that the alternating layers of salt 
and polyhalite, etc., owed their origin to the change of tem- 
perature with the seasons, there seemed little chance of any 
results of value being obtained. In the hands of van't Hoff 
and his collaborators, however, the whole question has been 
opened up and developed to such a point that even the tem- 
perature of the period at which any particular series of beds 



was deposited can be determined with moderate accuracy. In 
the following pages a brief account of these researches will be 
given. 

2. Ths Researches of Uaiglio and van't Hoff. 

From the composition of the Stassfurt deposits, it seems 

{Hxibable that they were originally formed by the evaporation 

of sea-water : and hence it may at first sight appear perfectly 

simple to repeat the jBtweas in the laboratory by evaporating 
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sea-water t» diyness. This was carriad ont on a large scale by 
Usiglio ^ ; but the results obtained by hitn failed to correspond 
with the natural deposits in several important respects. For 
example, he obtained neither kieserite, polyhalite nor an- 
hydrite, though these substances are the predominant factors 
in the middle strata at Stassfort. 

Several causes probably contributed to the failure of 
Usiglio's experiments. In the first place, at the time when 
he carried out his work the question of transition temperatures 
had not been thoroaghly investigated ; and consequently this 
important factor was perforce left out of the calculation. 
This alone would have made success very doubtful in the case 
of the deposition of double salto, but there were many other 
drawbacks to his method. In artificial experiments, even on 
the largest scale, there are many sources of error which pre- 
vent the action from proceeding on lines exactly parallel to 
those followed by the natural process. In a small tank there 
may be supersaturation ; the layers of two deposits may be so 
intimately mixed that it is difficult to determine which came 
down first ; or, again, after one solute has separated out from 
tiie solution its crystals may become crusted over with layers 
of a second solute, so that there may be no solid phase of the 
first solute in contact with the solution. 

It is therefore evident that in order to obtain an insight 
into the conditions under which the Stassfurt strata were laid 
down, more refined methods must be employed than mere 
evaporation of sea-water. The question remained practically 
at this stage until the year 1887, when van't Hoff* and his 
collaborators attacked the problem from a different point of 
view. 

Instead of taking a solution Uke sea-water, which contains 
a very large series of solntee, van't Hofi* in bis researches 
worked always from simple to more complex cases. The 
simplest case is, of course, that in which there is only a single 
solvent and a single solute. In such a system, evaporation 
would proceed until the solvent was saturated with the solute : 
after which, if more solvent evapcn-atad, the solute would begin 

' UBigUo, .inn. Cfcini. Pftj/i„ <8), 1819, 27, 92, 172. 

* van't HoQ, Zwr. Sildwtg der oieanUchen Saliabiagerung, Yol. L, 190S ; 
VoL IL, 1909. 
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to separate out from tiie mother liquor. The case of two or 
more solatea is more complicated, and must be dealt with in 
tiie next section. 

3. BolvXivna of Potaaevwm and Sodium Chlorides. 

If two salts such as sodium chloride and magnesium 
sulphate be dissolved in water, it is evident that a double 
decomposition will at once take place ; so that if the solution 
were evaporated, a mixture of magnesium sulphate, magnesium 
chloride, sodium chloride and sodium sulphate would be 
obtained. The original two salts would give rise to two new 
salts, thus complicating the problem considerably. It becomes 
clear, therefore, that in order to deal with a case which does not 
involve these complications the problem must be restricted to 
two salts having a common ion, such as two chlwides or two 
potassium salts. Further, two salts must be chosen which do 
not combine together to yield a double compound, as this would 
confuse ^e matter to some extent 

As a concrete example the ease of potassium chloride and 
sodium chloride may be selected, and 25° may be fixed as the 
temperature at the time of the experiment. Under these con- 
ditions, a saturated solution of sodium chloride contains 111 
molecules of salt in 1000 molecules of water. Under the 
same conditions, a saturated solution of potassium chloride 
contains 88 molecules of salt in 1000 molecules of water. 

Novi, suppose that to a saturated solution of sodium 
chloride some potassium chloride be added, two results will 
follow. In the first place, potassium chloride will be dissolved ; 
but as more and more is added it will finally be present in 
greater quantity than the solution can take up, and further 
addition of it will have no efiect The solution thus obtained 
is saturated with respect both to potassium chloride and to 
sodium chloride. It is termed a (xmatant solution, and is 
composed of 



a ohloildt 89 molMulei 

Bodlom ohloridfl B9 „ 

W»ter 1000 „ 

These relations must now be expressed graphically (see 
Pig. 13). 
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Take tvo rectangular axes OX and OY and let difltaneea 
measured along OY represent the nnmber of molecules of 
potassium chloride in 1000 molecules of water, while dis- 
tanoea along OX represent the analogous measurements for 
sodium chloride. Then P will indicate the saturation point of 
tiie solution with regard to potassium chloride, aince OP is 88 
units in leogtii. Further, B represents the saturation point of 
ft solution of sodium chloride in water, OR being 111 units 
in length. The co-ordinates of the point Q are, of course, 39 
along OY and 89 along OX. 

A consideration of Uke figure will show that the composition 
of any possible solution of sodium chloride and potassium 
chloride can be represented by some point inside the figure 
OPQR. Further, points outside OPQR represent merely ideal 




solutions ; for in practice any attempt to add to the solution 
more salt than can be represented by a point within the figure 
would result merely in the deposition of a correepondiog 
amount of salt. 

Consider next the case of some definite solution, and see 
if its behaviour on evaporation can be foretold. Take as an 
example a solution containing 40 molecules of potassium 
chloride and 60 of sodium chloride in 1000 molecules of 
water. To obtain the point corresponding to this composition, 
it is necessary to measure 40 units along OY and 60 units 
along OX, and in this way the point S is found. When this 
solution is evaporated, it is evident that at first the ratio of 
potasnum to sodium chloride contained in it remains unaltered ; 
for only water is removed from the Bystem. The solution 
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therefore becomes more concentrsted, while at tiie same time 
the ordinate and the abeeiasa of the point representiog it maintain 
the same ratio to each other as before. Now the ordinate of 
any point on 08V is obviously two-thirds of the correspond- 
ing abscissa ; and the line OS represents a series of solutions 
in which the ratio of sodium to potassium cblwide remains 
always the same, though the proportion of water present de- 
creases as the distance from increases. 

Aa the solution is steadily evaporated then, the point repre- 
senting ite composition will move from S along OSV away from 
O. When it reaches the line PQ it represents a solution which is 
saturated with potassium chloride \ and consequently some of 
that salt will separate out. If the evaporation be continued 
it is obvioufi that the point representing the solution's composi- 
tion cannot move along the dotted line TV, aa no such solution 
can exist; experiment shows that it moves aa indicated by the 
arrow, in the direction of Q. When, by farther evaporation, 
the composition of the solution becomes that which is re- 
[Hresented by the point Q, no further change takes place ; the 
two solutes are then present in such proportions that their rates 
of crystallisataon are exactly proportional to the quantity of 
each substance which is present in solution. The solution 
therefore yields crystals of a constant composition and goes 
down to dryness without change in concentiration. The ptnnt 
Q is termed the end-point 0/ ^ytAailwiiion. 

Theee results van't Hoff ' summarises in the following rule : 
"A solution in depositing a solute changes its composition 
avoa'S from, that of a saturated solution of this solute alone ". 

4. The Case of CamalMte. 
In the foregoing section we examined the case of a solution 
coDtaining two non<combining solutes : in the present section 
a slightiy more complicated case comes under consideration. 
When solutions of magnesium and potassium chlorides, under 
certain conditions of temperature, are mixed, a double salt 
called camalhte is formed, which has the composition — 

MgCl, . KCl . 6H,0 

It is evident that the formation of this body differentiates the 

< vant Hoff, Zw Bildting dw oMoitiwhM Saltablag&mns, I., is. 

5 
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case of a solution of magDesiam and potassium chloridee from 
that of the solution of soditun and potassium chlorides which 
was described in the last section. Instead <A two solatefl than 
are now three: magnesium chloride, potassium chloride and 
camallite. Thus it is necessary to determine the solubility 
relations of — 

1. Potassium chloride in water. 

2. Magnesium chloride in water. 

3. Camallite in magneeiom chloride solution. 
4 Camallite in potassium chloride solution. 




"TE 35- 

ipetmolsoulMof KCl In 1 
PlO, 14. 



As in the last case, two rectaogalar axes are used, along one 
K& which the number of molecules of potassium chloride in 
1000 molecules of water is measured, while along the other tJie 
number of mc^ecules of magnesium chloride in the same quantity 
of water is marked o£ The point A (see Fig. 14) repreaents 
a saturated solution of potassium chloride (88 ECI in 1000 
molecules HjO). The point B represents a satuiated soluticm 
of magnesium chloride (108 molecules MgClj in 1000 H,0). 

Now, to the saturated potassium chloride solution repre- 
sented by the point A, add some magnesium chloride. The two 
salts at once combine to form camalhte ConBequeotly i^s 
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Holation is really one contaimng cu-nallile and potasmiun 
chloride; so that bj the contiaaal additioD of magnesimD 
chloride we are really approaching a constant Bolation of 
camallite and potassiom chloride instead of a constant solntion 
of magneeiain and potassinm chlorides. This constant solntion 
is obtained when these are jn^eent : — 

PotMdom oUoilda 11 moleonlee. 

Magnednm „ 73-5 „ 

Wkter 1000 

This point ia represented on the figure by the point K 

If we begin witii a saturated solntion of magnesinm chloride 
and add to it potassium chloride, a smilar process takes place. 
The added potassium chloride combines with the excess of 
magnesium chloride, forming camallite again : but in this case 
tike constant solution formed by continued addition of potas- 
sinm chloride is one containing camallite and magoeeium 
chloride and having liie compoeitaon: — 

Fotudam chloride 3 molMnlao. 

Magneanin „ ..... 105 „ 

Wktoi 1000 „ 

In the figure this is represented by the point F. 

If, as in the previous section, we take the case of & solution 
of the composition shown by the point 8, we can now tell 
exactly what will happen when it is evaporated. In the first 
place, water will be driven off and the point S will move along 
OV towards V until it reaches T, beyond which it cannot go. 
At this point there is an excess of potassium chloride in the 
solution, and as the concentration goes on it is found that this 
separates out That is to say, the point representing the 
solution will move from T along TE towards £. 

At this point there are two possible courses open. If we 
remove from the vessel all the solid potassium chloride which 
separatee out from the solution, the composition of the solution 
wUl follow the line EF, becoming richer in magnesium chloride. 
In this case F is the end-point of crystallisation. On the other 
hand, if vro do not remove the solid potassium chloride from 
the solutdon, it is attacked by the magnesium chloride witii the 
formation of camallite which then crystallises out. In this 
case the composition of the solution remains constant, and a 
contmuous separation of camallite takes place. 

S' 
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Of conrse in this, as well aa id the previona figure, tiie lines 
should not be quite straight, bat the deviation for atraightneea 
is probably not great. 

5. TAe Catt of the Chlorides and Su^hates of Magnesium 
and Potassium. 

It is now necessazy to examine a still more complicated 
case, in which the number of possible constant solutions in- 
creases greatly. If to a solution of potassium chloride some 
magnesium sulphate be added, owing to the consequent double 
decomposition, a solution is formed which conteins four salts : 
potassium chloride, potassium sulphate, magnesiom chloride 
and magnesium sulphate. It will be seen later that other salts 
come into existence as well, but for the present we may con- 
fine onr attention to these four. 

As in the last case, it is first necessary to determine the 
solubility of each of the four salts in watw. The number of 
molecules of each salt which can be dissolved in 1000 molecules 
of water is given in the following teble : — ' 

A. K,C1, U molei!iil«a.* 

B. MgOl, lOB 

C. HgSOf.THfO SS 

D. KJ3O4 la 

To this table s second must be added showing the relations 
between camallite and its componento : — 

Halscnlu of 
K,CV HgCI, ntante 1000 H^a 
Z. EjCli BQd ounAlIite . . C-fi 726 

F. Mgol, „ „ . . 1 lOfi 

Then the relations of magnesiam chloride to the two hydrates 
of magnesium sulphate must be taken into account as well as 
the reciprocal relations of the two latter bodies These are ex- 
pressed in the following figures : — 

Holecoleeof 
HgCL. HgSOi wtonta 
1000 H,0. 
Q. MgCl,BiidM«S0..6H,0 . . . IW 14 

H. MgSO,.7H,OBodUgSOt.6H,0 . 78 IS 

' For these &iid (ho f oUowiDg figocea and diagnms, vui't HoS'b Oaeanitehtti 
Saitabla^erungm haa been ntilUed. 

'von't Hofl reckoiiB potaadum chloride in temts of doable moleoules in. 
ordei: to bring it into line with the other s&lti. 
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The formatJOQ of MgSO« . 6H,0 is due to the dehydrating 
action of the magnesitim chloride, so that the hexahydrate is 
formed only in solutions containing that eabetance. 

When tiie sulphates of magnesinm and potaasium occur in 
the same solution, there is a possibility of the formaticm of the 
double salt schonite, MgSO« . E,SO« . 6H,0 ; so that this in 
torn must be taken into account. Two more sets of data are 
therefore obtained: one showing the relation of magnesium 
sulphate to schiinite, the other giving the relation of schduite 
to potassium sulphate : — 

MotacnlM of 
HgSO.. K^ilnlOOO 
moIeijalM H,0. 
J. Hg8O,.7H^uidMh0nite . 6B-6 S-S 

E. K^4 uid BohOidU ... 33 16 

To comfdete the series, it is necessary to knov the relations 
between potassinm sulphate and potassium chloride. These 
are given in the following figures : — 

HoImidIm qI 
K,01r K^t in lODO 
molMnJes H|0. 
L. E^O, uid KfClf ... 42 1-G 

In the foregoing data each substsnce has been taken separ- 
ately ; then their double salts have been dealt with ; and finally 
they have been taken in pairs. The nextistep is to take the 
figures found when the substances are present three at a time. 
These data are given in the table below : — 

Hcd«nlwa[ 
KiOi. HgCI,. H«BO«iiilOOO 
molecalw H|0. 
U. E/n,, E,SO., MhSnita ... 26 31 11 

N. EjCl,, MgSO,. TH,0, lohOnita , 9 66 16 

P. E^, MgSO. . TH,0, MgSO, . 6H,0 B 63 16 

Q. E^, ouiULllite, HgBO, . 6B,0 . 4-6 TO lS-6 

B. Mgoi,, ounftlllte, MgSO, . 6H,0 . 3 99 12 

These figures complete the data required, and they must 
now be expressed graphically. For this purpose van't Hoff 
choee rectangular axes as in the previous cases, and carried 
out the construction of his figure in the f(dlowing manner 
(see Fig. 16) : Along the axis OA he measured ofi" 44 unitsi 
coireeponding to the quantity of potassium chlcnide required 
to saturate a solution. Similarly, the point B represents the 
saturation point of a solution of magnesium chloride ; point C 
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represents a saturated solution of magneBinm sulphate ; and D 
a solution saturated with potaasium sulphate. The positiona 
corresponding to the conatant solutions are then filled in as 
before at E, F, G, H, K and L. 



MgClsaxle 




The diagram thus obtained is not satiBfactory, however, as 
the following consideration shows : — 

Take the concrete case of two solutions, one of which (I.) 
contains — 

10 molsoDlSB KiOl, 
20 „ 1^, 
„ HgSO^ 
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while the other (IL) contains — 

30 molaaulet K^l, 
30 „ MgOl, 
ao „ HgSO, 

If an attempt is made to insert these in the plane figure (Fig. 16), 
we most for case (I.) measure from 0, 10 anits along OA, then 
inm at right angles and measure 20 units parallel to the 
direction OB. This will place us at the point X which shoold 
thus represent the cotapoeition of the solution I. In the ease of 
BolnUon (II), we start again from O ; measure 30 units towards 
A to represent the quantity of KgCH, present; then in the re- 
verse direction — towards (>— measure 20 units to rei^eaent the 
amount of MgSO^ in the solution. This leaves na at a point 
10 units from O in the direction OA. We then measure fnnn 
this point 20 units up the paper in the direction OB, and tius 
brings us in tiiis case also to the point X. Thus two s(dntions 
would be represented by the same pcdnt X. 

In order to avoid sDch confosion, van't Hoff inserted another 
00-ordinate into his scheme. From every point in the {^ane 
of ihe paper he raises a perpendicnlar whose length is propar- 
tionalto the nnmberof molecules of all kinds which are present 
in the aolntion. For example, in the two cases given above a 
perpendicular would be raised from the point X ; on this per- 
pendicular we shoold cut off a distance of 30 units (10 molecules 
EjCl, + 20 molecules MgCl, - 30 molecules in all) and the 
point thus obtained would represent solution (I.). Since solu- 
tion (IL) contains 70 molecules we should have to travel 70 unite 
up the perpendicular from X before we arrived at the point 
which repreeente its composition. 

When in this way the five pconts correeponding to the 
solutions, M, N, P, Q and R, have been filled in, the out- 
line of a space model is produced whose appearance is shown 
in the perspective sketch (Fig. 16). Each face of this model 
represents a solution saturated with the salt whose name is 
[4aced upon it in the figure. 

A few words will make clear how this model can be utilised. 
As far as the edges are concerned, there is no difficulty : the 
lines AE, BF, etc., have exactly the same meaning aa the lines 
in Figs. 14 and 1 5 ; and the route followed in ctystallisation 
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can be foretold by the van't Hoff Bole jaat as in the previoua 
esses. The arrows in the figure indicate this. 

The case is not moch vxan complicated if we start from a 
solution whose composition is represented by a point on one of 
the faces. Suppose we take the point S in Fig. 16. This 




rKsSO^axI* 



point lies on the potassium chloride face so that an evaporation 
of the BolutioB will cause the separation of that salt Since 
the point A represents a saturated solution of potassium 
chhside, we join S to A. llien, according to the van't Hoff 
Rule, the point representing the composition of the solution 
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will paes (as the solution is evaporated) along AS produced, 
away from A. It will thua cut tiie edge MN in T, and there- 
after the crystalliaation process will follow the direction of the 
arrows as ^own. 

It is unnecessary to enter in detail into cases in which the 
point representing the composition of the original solution lies 
inside the surface of the space model ; it is, of course, more 
complicated, bat the same rule applies there also. 

Since the space model is somewhat clumsy, it may be 
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replaced in a way by a simplified figure which gives equally 
well the relationa between the rarioos faeee. (See' Fig. 17,) 

6. The Cote of Five SeUta. 
If to the salts dealt with in tiie last section sodium chloride 
be added, a solution is obtained which closely corresponds to 
that from which the upper bed of the Stassfurt must have been 
laid down. The case is an extremely complicated one, there 
being QO fewer than twenty-six different possible solutions and 
combinations of solutes to be taken into account. It will be 
sufficient to reproduce van't HofTs sketch of the space model 
(fig. 18) as well as the plane arrangement corresponding to it 
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A{Maci3) 
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(Fig. 19), This model coireepcrnds to a set of «xparimwito 
carried out at a temperattue of 2fi° C. 



Fia. 19. 
7. The Influence of Time. 
At this point it b oecesaoiy to deal with another factor in 
the qoeetioD which complicates matters considerably. In the 
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couise of hifi earlier researches, van't Hoff found that in many 
of the solationa employed by him aupersaturation occtured, 
with the result that salts which should theoretically have 
appeared at a certain stage of the evaporation process did 
not begin to cryatallise from the solution until much later. 
The salts which thus appeared in the wrong place were 
kieserite (MgSOi . H,0), leonite (MgE,(S04),4H,0) and kainite 
(MgSO* . KCl . 3H,0). Van't Hoff, in order to detect the 
presence of these bodies, brought into action tJie di£ferential 
tensimetffl. The salts which now and then fail to oystalliBe 
at the pdnta where they are expected are all dehydration 
products of salts already present in edution : they must there- 
f(n« be formed in a solution whose tension is smaller than t^t 
of the water of crystallisation in the nndehydrated salts. By 
means of the difierential tensimeter it is possible to determine 
which form will appear. 

For example, at 25° C, the tension of the water of crystallis- 
ation of magnesium sulphate hexahydrate is greater than the 
tension of a solution containing magnesium sulphate hexa- 
hydrate, camallite and magneeinm chloride : and it is therefore 
to be expected that when the hexahydrate is brought into 
contact with the solution, it will be dehydrated. This actually 
occurs in practice. Again, at 25° C, a saturated solution of 
schonite may be supersaturated with leonite, which contains 
two moleculea less water of crystallisation: so that this salt 
must be taken into aocoont when the examination of the 
solution is made. 

These supersaturation questions naturally comjdicate the 
problem very much; for they result in crystallisations hanging 
fire to a greater or less extent, and thus creating a discrepancy 
between theoiy and practice. 

There appears to be aome relation between the retardation 
of cryBtallisation and a number which is called the Tnean valency 
o£ compounds. This mean valency is obtained in the following 
manner : As a numerator we take the sum of the number <^ 
valeades of the ions into which the salt dissocaates in solution 
and add four unite for each molecole of water of crystallisation. 
The denominator of the faction is obtained by adding together 
the number of ions and three units for each molecule of water 
of crystalUsatioD. A few examj^eB will make the matter 
clearer ; — 
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jpmm . ObSO, . SB^O 

Glanb«zlt« . . 0»Hk,(SOJ, . 

Oolamuuto . . C^fifi^ ■ "3,0 . '3^6 + ' 16 " ^■^■ 
Au)i«dte . . MgBO^ . . ' + - i-| - j = ^^^■ 

In this series of substances there will be greater retardation in 
the ciystallisation of gypsum than in that of glaaberite, while 
ascherite will show the greatest redstance to crystal forma- 
tion. 

8. Parageneais and the Influence of Temperature. 

An examination of Fig, 19 will show that some of the 
rectangles are conterminous, while oihera do not touch each 
other. For example, the rectangles representing kainite and 
Bchoaite do not touch each other in any point; while the 
rectangle denoting sylvine touches those symbolising kainite, 
laonite, schonite and glaserite. This indicates, as has been 
shown experimentally to be the case, that while sylvine can co- 
exist in solution with kainite at 25" C, astrakanite cannot do 
aa But if two substances cannot co-exist in solution it is 
evident that they cannot occur bother in the same salt 
stratum ; for their simultaneous occurrence would show that 
they had crystallised out side by side from the solution. Hence 
the space model can be made to serve another purpose, viz., to 
indicate whether or not we can expect to find two minerals 
occurring in the same geological layer. Further, if astrakanite 
and kainite occur in the same stratum, then we can at once 
Bay that the temperature at the time of deposition could not 
have been 25' C, 

This question of p(K-agene8i8, as van't Hoff called it, led 
him to take up an elaborate series of supplementary researches, 
in the course of which he determined in the presence of aodium 
chloride the transition temperatures of all the double salts 
involved in the Stassfurt problem. The results are given in 
the fc^owing table : — 
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Upp«. 


Ldww. 


Thenudite 
aUQbai'B Mlt 
Eiewrito . 

Beiohwdtito 

Loewito . 
Tanthofflte 
Afltnkknite 
Leonite . 
Eainite . 
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N t. 

N L.lOHjO . . 

M ,.H,0 . . . 

u i.^o«.6a,o. . 

E *."aMg80. '. '. '. 
ai 3^.2&fcEl0<.6H,0 . 

M I .' Eil .*aH,o '. '. 


16° 

as- 

SI- 
SB-fi" 

6^ 
Ol-C 
88-tf> 


18-6° 
IMC 

18» 

sr 

48° 
46° 

4-6° 
16° 



These data fumish the means of foretelling the oatlinee of 
the cryatfdUsation process which will take place when a solu- 
tion containing these salts is evaporated. Take the temperature 
84° C. as a starting point. At that temperature, the only 
double salte which can exist are camallite, langbeinite, glaaerite, 
vanttu^te and loewite; but crystals of bischofite (MgClOi 
kieserite (MgSO* . H,0), thenardite (NajSOJ and sylvine 
(KCl) may also be formed. 

When the liquid cools down one degree, kainite (MgSO^ . 
KCl . 3H,0) makes its appearance, as we have then reached its 
upper existence limit, 83° C. The solution will go on depositing 
these ten minerals until the temperature falls to ei'S'C, at which 
point leonite (MgSO* . K^04 . 4H,0) first occurs. One and a 
half degrees lower, astrakanite (MgSO^ ^ Na^SO^ . 4HjO) begins 
to be formed. The temperature most now fall to 416° C. before 
further change takes place; but at this point we reach the 
lower limit for the existence of vanthoffite (MgSOf . SNajSO^ . 
4H,0), and it consequently ceases to be deposited from the 
solution. After the temperature reaches 43° C, loewite 
(2MgS0i . 2Na^04 . 5H,0) in turn disappears ; and at 37" C. 
langbeinite (K1SO4 . 2Ug804) also ceases to crystallise out. At 
SbS" C. it becomes possible for the hexahydnite of magnesium 
sulphate to be deposited; at 31° C. the heptahydrate reichardtite 
appeara, and at 26° C. we begin to find deposits of schonite 
(MgSO^ . KjSO^ . 6H,0). 

When tiie temperature reaches 18° C, three simultaneous 
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chongee ocear ; for on the one hand we reach the upper limit 
of existence of Qlanber'a salt, which therefore makes its 

83° 78° el?6 
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appearance ; while on the other hand we find that both kieaorite 
(HgSO« . H,0) and leonite (MgSO« . K^SOi . 4H,0) disappear at 
this point 
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At 18-5° C. thenardite (NajSO^ disappeara, QUuber's salt 
taking its place. Then, if the temperatore falls half a degree. 





««° 








»7'-6 








B7° 




"■ol^.i(,o 




M,C1,.6H,0 




M.Ci,.BM,0 1 


.w- 


CarnaUtt* 


K>». 




KU*. 


o,,™«.| 


Kaki. 




r;^^* 


KOI 


TItM 


.^ 


lUU. 


<c. 




LaiBtu 




L«>nn» 








O.^.. 






Shn 


bMU 


Tlwn. 



M< cv m,o 1 




C«n,«ntl8 1 




KifadM 


^ 


LMnAa 


tetn 


TbBD. 





Ml CI,. OH.O 1 




— 1 


;^ 


KrirdM 


KC, 


.».,» 


AUr. 


"•" 





MCOrMtO 1 




c_^,»| 






net 




L-nn. 








Tbwi. 





Bl" 








a7T5 








a?- 




»( Ctj. 0H,O 




■ua^aH^o 




ma,.^o 


KItMFit* |cari>alllto 


nw«4U {ompniJIIta 


KJMwrt* IouimPIIU 


»«.« 


Kalnit* 


Kca 


5^ 




iCL 


Ma^fl 


iUlnlU 


Ko: 


LMfllU 


LwnlU 


■<.7 


LMKlta 


AMr. 


AMr. 


Aatp. 




•«^ 




6IUM4M 




Theft. 


TMl 


TbH. 





atf* 








tS«B 








^S 




M.Ol,.«H,0 




IM01,.0H,0 




»i«ca^«w,o 1 


RIMW4M |c«Fn«lll*i 


KlawXU |ovi><UIR> 


niao«. 

7H.O 



Salt 


.„„„u 1 


M^ 


KalnRa 


(CI 


Utf 


KiJalta 


Kd 


Kalnlte 


« 


M(J 


««.7 


LaonlU 




laohSnn* 


Aitp. 


Attr. 


e.-«*. 


etaMHta 


Th^ 


Then. 



we reach the lower limit of existence of the hezahydrate of 
magaeaiam sulphate. Finally, at 4'5° C. astrakanite ceases to 
exist. 
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Dftta saoh as these, however, only allow as to judge 
roughly the temperatare which most hare existed when a 
certain bed was lud down. A much more accurate method of 
determiniDg this temperatare ie to be fonnd in the state of 
paragenesis which is observed in the stratum in question. The 
matter cannot be dealt with in detail in this book \ but an ex- 
amination of the annexed table and of Figs. 20 and 21 will 
show the applicability of the method. 

For example, from the two figures representing the state 
of affairs at 47° C. and 46° C. respectively, it is clear that if 
crystallisation takes place at 47° C. langbeinite and astrak&nite 
cannot occur t(^tfaer in the stratum ; while, if the temperatare 
sinks lower to 46° C, they may appear as a mixtura Again, 
at 31'5° C. kieserite and leonite cannot crystallise from the 
solution simaltaneously ; if they occur together in a stratum, 
the depoedtion most have taken place at 32° 0. or above it 

The objection may be made that the effect of pressure might 
vitiate these conclusions, bat van't Hoff investigated this point 
and showed that even the highest possible pressures would be 
practically without influence. 

It is unnecessary to describe the details of van't Hoff's 
further researches upon the calcium salts and the borates ; the 
experimental methods employed were similar to those which 
have already beui dealt with. It will be clear tbat these in- 
vestigations of van't Hoff and bis collaborators have yielded 
what may be called a " geological thermometer," by the aid of 
which it is possible to determine the temperature that prevailed 
in the solution from which certain strata were deposited : and 
in certain cases this thermometer is so finely adjusted as to en- 
able this temperature to be determined even to within half a 
degree. 
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1. Ititroduetory. 

It was pointed oat in Chapter III. that in some casee the solu- 
tion of two Bim{Ae salts containing a common ion may, on 
oystalliBation, give rise to a material the properties of which 
differ entirely &om those of either of the simple salts from 
which it was formed. This new sabstance is termed a complex 
salt 

To make the matter dear, an example from analytical 
metiiodfi may be chosen. When potaasimn chloride is added to 
an acidulated solution of platinum chloride, a yellow ciystalline 
precipitate is formed which has the composilion corresponding 
to FtCIf . 2KC1. Since there are six chlorine atoms in this 
sabstance it might be expected, by analogy with the behavioor 
of simple salts, that ble molecules of silver nitrate would react 
with the compound and yield six molecules of silver chloride. 
In actual practice, however, no silver chloride is formed at all; 
for Use reaction-product ia found to have the composition 
AgjFtCl,. Thus the interaction of the chlorides of platinum 
and potassium has given rise to a body which no longer 
possesses the {oopertiee of its components bat which, instead, 
baa acquired new characteristics. Only the two potassium 
atoms are replaceable by solver, whilst the platinum appears to 
be rigidly attached to the remaining chlorine atoms. In order 
to express this behaviour, the formula of the compound may 
be written in the form : Kj(PtCla) ; and the deduction may 
reasonably be drawn that, in its dissociation it no longer de- 
composea into ions of potasuum, platinum and chlorine, but 
ionises into two potassium ions and a third ion having the com< 
pomtioQ PtCl.^' 

This example serves to bring out another point of interest. 
S3 «• 
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Not only ia there a poasibility of com|Jex aolt fonnation, but 
in addition complex ioTis m&y exist in & solution. This may ap- 
pear a matter of little importance at first sight, since the pro- 
daction of ions from salts is a commonplace in chemistry ; but 
the occurrence of complex ions is of more than usual note on 
account of the fact that the existence of a complex ion does not 
necessarily imply the existence of the corresponding complex 
salt in the solid condition. Some complex ions are kno^vn to 
exist in solution though no stable salt can be prodnced from 
them. Tlins the field of the complex iona ia a much wider one 
than that of the com|Jez salta. 

2. Proofs of the Bxistenee of Complex Ions tn Solution. 

There are variona metboda by means of which the presence 
of complex ions may be established ; and in the present section 
only a few examples can be given. For fuller acconnts the 
reader ia referred to other works.* The tests for complex ions 
may conveniently be grouped under the following heads: 
(1) Chemical methods; (2) Physical methods; and (3) Electro- 
chemical methods. 

1. Chemical Methods. — Aa has already been made clear, 
the chemical methods depend upon the fact that the formation 
of a complex ion produces a change in the ionic character of 
the solution in which the material ia dissolved If dilute 
solutions of silver nitrate and potaasiam solpbate be mixed, 
the resulting liquid will respond to tests for the four ions : silver, 
potassium, nitrate and sulphate; for the mere mingling of the 
solutions haa not interfered with the ionic properties. On the 
other hand, when potassium cyanide is substituted for potassium 
sulphate, a totally different series of phenomena are observed. 
The addition of potassium cyanide to a solution of silver nitzate 
leads, in the first place, to the precipitation of a substance which 
analysis shows to have the composition AgCN ; but after this 
precipitation has been completed, the further addition of 
potassium cyanide causes the [o^cipitate to dissolve and the 
solution finidly becomes clear again. Evaporation of this solu- 
tion yields crystals of a compound having the composition 
AgCN . KCN, 

' Sm JkquM, Complta Ion* in Aqutout Solutioiu, 1911. 
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A Bolation of this new compoimd evidently ccmtaios some 
silver ; yet it fails to give many of the ordinary silver reactioos. 
Clearly, the interaction of potasaiiim cyanide and silver cyanide 
has interfered with the ionic character of the initial salts and 
has given rise to a new set of ions different &om the original 
three. The potasHJum ioua are still recognisable by the ordinary 
tests ; and, since in any ionic solution the positive and negative 
charges must balance one anoth^, it is clear that the silver ion 
and the two cyanide ions mnst have united to form a com|>lex 
which carries a negative charge ; for no other solution of the 
problem presents iteelf. It is therefore reasonable to assume 
that the ions in the final solution may be represented by E' and 
Ag(CN)'„ the latter being a complex ion which fails to exhibit 
the normal reactions of its oonstitaent parts. 

Another chemical method of attacking the complex ion 
[ax)blem is snggested by the phenom^ia of catalysis.^ A con- 
crete example will serve to make clear tiie processes employed. 
The decompoeitioD of hydrogen peroxide proceeds rapidly in 
presence of iodides ; and it has been shown that the catalytic 
effect is proportional to the concentration of the iodine ion in 
solation. On comparing the catalytic power of a solution of 
mercuric iodide with that of a solution of the same c<mcentra- 
tion of mercuric iodide to which iodine had been added, it was 
found that there was a marked difference between the two. As 
the addition of iodine diminished the catalytic powers of the 
mercuric iodide, the oonclusion must be drawn that the halogen 
in some way reduces the number of iodine ions in the solution ; 
and this is best explained on the assumption that the iodine 
iouB unite with free iodine to form complex ions which have 
not the catalytic properties possessed by simple iodine ions. 

2, PAysico^ Methods. — Reference to the infiuence upon 
solubility which is exerted by complex ion fcurmatioQ has 
already been made in a previous section ; and it may be well 
to consider at this point the general aepect of the question. If 
excess of a salt AB be limmght into contact with water, the 
following dual equilibritmi will eventually be established : — 

AB ^ AB — A' + E- 

(SoUd.) (DiuolTed.) (Ions.) 

>Iie Blano knd No7«f, Ztilteh. phytikal. Cbem., 1890, 6. WI; Sharill, 
ibid^ 1908, 43. 705 ; Knox, Trant. Farad. Soe., 1906, i. 
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Thia Byatou can be disturbed by the &dditi<m to it of more A' 
ions or by the removal of some of thoee ah«ady present. The 
addition of A' ions to the system will lead to an increase in 
the rat« of combination between A' and B* ionB, thereby |h^>- 
ducing more ondissociated AB in adation and hence, since the 
solution is fully saturated with AB already, some AB will be 
precipitated in the solid form. On tiie other hand, the removal 
of some A' ions will produce a dissociation of some of the dis- 
solved molecules AB, thus disturbing the equilibrium between 
the solid salt and the dissolved material, and ihe net result of 
the jHX)ceaa will be the solution of some of the solid salt AB. 

The application of th&ee principles to the case of complex 
ion formation is very simple. Assume that to the system in 
equilibrium a certain quantity of a salt AC is added, which has 
the ion A' in common with the salt AB. AC will be dissoetated 
and thus an extra quantity of A' ions will find their way into 
the solution. If no complex ions are formed, tilie effect of 
this surplus of A' ions will be the precipitation of some AB in 
the solid form ; or, in other words, the solubility of AB in the 
solution will be diminished. On the contrary, if the A' ions 
already present in the system are able to form complex ions 
with the iacomiag molecules of AG, then the number of A' 
ions in the liquid will fall below that which is required for 
equilibrium ; and some of the solid salt must pass into solution 
in order to make up the deficiency. 

Thus in the case of two salts having a common ion, addition 
of one salt to the saturated solution of the other will decrease 
the solubility of the first salt and cause its predpitation if no 
complex ions be formed ; but if complex ion formation occurs, 
the first salt will be more soluble in a solution of the second 
than it would be in pure water. 

The following figures ^ illustrate the point. They represent 
the solubility in grammes per litre of mercuric cyanide in pure 
water and in solutions of potassium cyanide of various con- 
centrations : — 
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' SheriU, ZaiUch. phyttkai. Chem., 1903, 4i, 70D. 
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Examination of the figures will show that the increase in solu- 
bility of the mercuric salt goea almost exactly band in hand 
with the increase in the concentration of the potassium cyanide, 
BO that the addition of a fixed quantity of potassium cyanide 
involves the removal from solution of an equivalent amount of 
mercuric cyanide. This at once suggestfl that during the process 
the complex ion Hg(CN)'j ia being formed. 

The mode of applying cryoscopic measurementB to the com- 
plex ion problem is almost self-evident In dilute solutions 
each ion acts as an independent particle and ezerte on the 
freezing-point of the solution the same influence as if the iffli 
were a molecule. Thus a dilute solution containing the two 
salts AB and AO will show a freezing-point depreeaion pro- 
portional to the concentrations of the four ions : A', A', B' 
and C*. If, however, complex formation occurs, there will 
then be only two independent ions in the solution : B' and the 
complex ion GA'j ; so that in this case the freezing-point 
de^vession will only be half the previous value. If the 
reaction of complex ion formation were an incomplete one, the 
observed depreasions in the freezdng-point would he inter- 
mediate between the two extreme valuea 

The case of hydrochloric add and mercuric chloride ' serves 
to show the type of results which can be obtained by this 
method. When various amoants of mercmic chloride were 
dissolved in normal hydrochloric acid, the freezing-points of 
the Bolutions were found to be as follows : — 
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From these values several deductions can be drawn. In the 
first place, complex ions must have been present m the 
solationa; for otherwise the addition of fresh solute would 
have depressed the freezing-poiat regularly, whereas in actual 
practice each addition of mercuric chloride raises tiie freezing- 
point slightly. Second, had each molecule of the mercuric 
chloride combined directly with one molecule of hydrochloric 
I Le Bluio and Moyw, Z»iUeK. pkgtikal. CA*m., 1890, ft, 401. 
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acid to form a com^Jex ion, then the freezing-point would 
have remained constant instead of rising. In order to account 
for the results, it is necessary to assume that at least two 
hydrochloric acid molecules anit« with one molecule of mercuric 
chloride; so that the complex ion muM be either HgCl'j <^ 
must contain an even larger proportion of chlorine. 

The distribution of a solute between two immieeiUe sol- 
vents has been utilised in some cases to prove the formation 
of complex ions ; but the method is not capable of extaision 
to every field of the subject, owing to the difficulty of dis- 
eovering suitable solvents. The best-known instances of its 
employment are the cases of complex ions formed by the 
halogens, in which case the rationale of t^e metiiod is as 
follows : A solution of bromine in carbon disulphide is shaken 
with, water until equihbrium is established ; and the quantity 
of bromine per litre in the aqueous solution is determined 
by titration. The same process is then repeated, but in this 
case a solution of potassium bromide is substituted for tiie 
water. The difference between the amonnts of bromine 
abstracted from the carbon disulphide in the two cases must 
be due to the formation of a complex ion by the bromine 
and potassium bromide. 

In actual practice * the method is more complicated owing 
to the necessity of avoiding the determination of the con> 
centration of the bromine in the carbon disulphide. The 
carbon disulphide solution was shaken up with pure water 
botJi at the beginning and at the end of the series of ex- 
tractions with potassium bromide solution ; and the quantity 
of bromine theoretically removable by the water under the 
same conditions as the actual experiments with potassium 
bromide solution were calculated by extrapolation. 

The application of the quartz spectrograph to the study of 
complex formation ■ led to a new method of jletecting tlie 
presence of complex ions. It was found that a 25 mm. 
layer of a N/1000 solution of iodine allowed the ultra-violet 
spectrum to pass through it with no appreciable loss of 
intensity. As soon, however, as any potassium iodide was 
added to the solution, marked absorption was observed, 

1 Roloff, ZeUtch. phyMtkal. Chem., IBM, 13, S41. 
■Tinkler, Tratu., 1907, 91. 996 ; 1908, 93, 1611. 
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showing thai some interaction had taken place between the 
iodine and the iodide. By tiiis method, not only waa it 
possible to detennine the presence of complexes bat even 
to estimate the quantities in which they were present in a 
given solution. 

3. Electrical Methods. — There are three electrical methods 
by means of which the presence of complex ions in a soln- 
tion may he established; these methods depend respectively 
upon the reealts of electrolysis, measurements of ionic migra- 
tion and determinations of electromotiTe force. They will 
now he dealt with in tnm. 

When a solution of potassinm chloride is electrolysed, the 
metallic ions tend to accumnlste at the cathode; while in 
the case of mercuric chloride the same result is observed. 
When a solution containing both chlorides is subjected to elec- 
bvlyais, however, potassium ions collect around the cathode as 
before, but the solution in the neighbourhood of the anode 
is found to grow richw in ions containing mercury. Thus 
the results of electrolysis show that the mercury atoms have 
become parts of negative ions instead of yielding positive 
ions as they normally do. The only explanation of this which 
can be put forward is tiuA a complex ion has been formed. 

The transport numbers of ions also serve to throw light 
upon the formation of comjdexee, unce in such cases the re- 
sults obtained may a^^tear abnormal at first sight. For ex- 
ample, on examining a solation of cadmium iodide of medium 
ctmcentntion, Hittorf * foond that the tranapcrt number for 
cadmium was n^ative, whilst that of iodine was greater than 
unity. In other words, the current carried by the anion was 
ai^HtrenUy greater tiian the total current passing through 
the solution — which is impossible. When dilate solutions 
were employed, the values for both cadmium and iodine were 
found to be positive and less than unity. 

To ex[dain these anomalous results, it is necessary to 
assume that in the cadmium iodide solution a complex has 
been formed which dissociates into the cation Cd" and the 
anion Cdl^'. (Or we may assume the formation of the com- 
j^x anicm witiioat postulating tJie prelimiitary |tfoduction of 
the complex salt.) In the course of electrolysis an atom of 
> Hittorf, Ann. Phgtih., 18S9, 106, 018. 
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cadmium will malce its appeoraDce at the cathode, hat at 
the same time anothw cadmium atom, forming part of the 
complex anion, aj^iroachefl the anode. There will therefore 
be little, if any, change of concentration at the eleciittdes, as 
far as cadmium is conoemed. As regards iodine, however, 
the matter is quite different, for every eom{dex anion carries 
away within it no less than four iodine atoms. Consequently 
there will be an abnormally lai^ fall of iodide concentration 
around tJie cathode. The reversion to more normal reBolts 
in the case of dilute solutions of cadmium iodide is accounted 
for by assaming that at high dilutions tlie complex ions are 
broken np; so that the case becomes <me of the electrolysis 
of an ordinary ternary electrolyte. 

Turning now to the aj^cation of electromotive iosxn 
measurements as a gauge of the presence of complex ions, 
lack of space forbids a full account o£ the methods employed, 
for the experimental difficulties complicate tiie problem ocm- 
siderably. It will be sufficient in this place to indicate the 
theoretical basis of the method. 

When a silver electjx)de is placed in a solution of a silver 
salt the solution pressure of the metal tends to drive silvw 
ions into solution ; and consequently a charge accumulates 
upon tiie metal owing to the fact that each silver atom in 
becoming an ion leaves an electron behind upon the electrode. 
Simultaneously, however, the osmotic pressure of the silver 
ions in the solution is tending to force them to deposit them- 
selves upon ttie electrode, where they take up electrons in 
order to transform themselves into atoms. In due cooiae, 
equilibrium is established ; the solution pressure balances the 
osmotic pressure ; and the electrode has then a definite positive 
or negative charge which is found to be constant for a givoi 
concentration of the solution. 

Now it is clear that if this system be disturbed by the 
removal of silver ions from the solution, an attempt will be 
made to establish a fresh equilibrium ; and under the new 
circumstances the electrode will acquire a potential diifi^^nt 
from tiiat whidi it originally had in the previous equilibrium. 
Such a removal of silver iona from the solution can be brought 
about by adding to the liquid some substance which unites 
witii the silver ions to form complexes. Thus when potassium 
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cyanide is added to the Bilker solution, smue of the eilver 
ioDB are combined with the eyanide to form complex ions ; 
vitb the result that the silver ion ctmcentration in the solution 
is altered and a change of potential reflolts at the electrode. 

The inflnenoe of snch operationa is mnch greater than is 
generally realised. For example, if sufficient potassium cyanide 
be added to the solution in the copper compartment of a 
Daniell oeU, all the copper ions are removed to form com- 
[dex ions, with the result that copper be^ns to dissolve &om 
the electoode and the zinc sulphate in the other compartment 
is decomposed with the deposition of metallic zinc on the 
electrode. Thus the formation of the complex ion is signalised 
by the change in sign of the combination's E.M.F. 

3. The GobaltammineB. 

Among the elements which yield complex salts, the metals 
of Group YIII in the Periodic System appear to be the most 
fruitful ; for they give rise to so large a number of complexes 
containing ammonia that the study of the metalamminee has 
grown into a subject by itself. The cause of this fertihty in 
compound formation has not yet been determined; but one 
or two suggestive facts may be mentioned in this connection. 
In the first place, Group YIH represents one of the " transition 
groups " of the Periodic System, the others being Group IV. 
and the Zero Group. Just as carbon in Group lY. yields an 
abnormal number of valency compounds, so in Gronp VIII. 
the elements give rise to an extraordinary series of complex 
salts. Thus in the two groups the same kind of fertility is 
displayed, though in the one case ordinary valency conceptions 
suffice to describe the phenomena whereas among the complex 
salts of Group VIII. the normal views appear to be insufficient. 
Secondly, both carbon and the elements cj Group VIII are dis- 
tinguished by their comparatively small atomic volumes, which 
may be a factor in the proUem. And, finally, while carbon is 
a truly " amphoteric " element which combines with hydrogen 
or chlorine to form equally stable compounds, the Gronp VIII. 
elements show a capacity for acting either in the form of 
positive ions or, when merged in a complex, of negative ions. 
It seems possiUe that farther consideration of these points may 
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BUggest eome commOD ground between the chemigtry of carbon 
and that of the elemente of the Eighth Gronp. 

The chemistry of the metalammines ia bo extenslTe that in 
the present section only a few of the salient points can be dealt 
with; and it will be best to confine attention to the case of the 
complex salts of cobalt. 

In its halogen compounds, cobalt behaves almost entirely 
as a divalent element, thongh the possibihty of trivalency is 
shown by the existence of cobaltic fluoride, CoF,. With am- 
monia, however, the cobalt salts unite to form a series of com- 
plex compounds which contain not only three halogen atoms 
but also a number of ammonia molecalee. Representing 
halogen atoms by X, the following formuhe express the com- 
positions of some of the complex cobalt derivatives : — 
CoS, + 3NH,; CoX, + 4NH,; CoX, + 6NH,; CoX, + 6NH,. 

When the reactions of these complex compounds are ex- 
amined, it is found that the first compound gives rise to no 
ions in solution ; the second gives two iona, one of which is the 
ion X ; the third produces three ions, of which two are X's ; 
whilst the fourth disBodatoB into four ions, three of which are 
X ions. This behaviour can be expreased in the following 
formulffi, wherein the atoms within the Iwacket are regarded as 
forming part of a single large complex ion : — 

[KJ\ KJ- Ke.r [^T 

These formulte are pure " reaction formulffi," ezpreBsing only 
the differences in behaviour between certain of the atoms in 
the molecule, and they are independent of any hypotheseB 
witi regard to the forces at work upon the atoms. An ex- 
amination of the formulce will show that as we pass from left 
to right there is a steady increase in the number of ammonia 
molecules within the bracket ; and, further, that the entrance 
of an ammonia molecule results in the extrusion of one X, 
which takes its place outside the bracket and becomes capable 
of ionisatioo. 

Turning now to pure hypotiieeiB, it may be assumed that in 
the case of the compound (Co(NH,),)Xj the six ammonia mole- 
cules are placed symmetrically around the cobalt atom in space 
80 as to form an arrangement such as is shown in Fig. 22. 
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This assumption inTolves no poetulates with regard to the 
forcee which retain the atoms in their relative positions, as 
these are left oat of consideration _^_ 

for the present. 

Now, let it be assumed that 
when two of the ammonia groupa 
are replaced witliin the bracket 
bj two X atoms, the X atoms 
take up the places previously oc- 
ca|Hed by the ammonia molecules. Fia. 22. 

In this case there are two pos- 
sible arrangements in space which are shown in Fig. 2! 

Xi') X(.n 

N H.m1 „. , N H.M N H.f) 




NH.C) Xl'J 

Fio. as. 

In the one case it will be seen that the two X atoms lie at 
oppofflte comers of the octahedral gronpng, whilst in the other 
arrangement they lie at two adjacent earners. Thus these 
sj^tial arrangements are different from one another, and it 
might be expected that certain differences would arise between 
the properties of the two. In actual practice, it is found that 
cobaltammines of t^e type 



L (nhaJ 



exist in isomeric forms. Differences in solability, colour, 
crystalline form and even chemical properties have been ob- 
served.^ On the other liand, compounds of the types 






display no such isomerism. It seems, Uierefore, that the as- 
anmption of the octahedral grouping of the groups within the 
complex i(m is justified by the results of experiment. 

I mil nfarenoe* b» givau in a paper by Wenier (B*r., IBOT, 40. IS), and 
later p^ian \>s Uw aama author am to b« found In tha BtrioUt. 
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An ev^i more striking proof of tiie ccnTeetness of this as- 
BumptioQ ia to be fonnd when the case of the ethylene diamine 
deriTativee of cobalt is considered. Ethylene diamine has the 
structure: NH, . CHj . CHj . KH, ; and since it contains two 
amino-groups it is evident that one molecule of ethylene diamine 
mightreplace two ammonia molecoles in the cobaltammine com- 
plex ion, giving rise to compounds of the following types in 
which " en " represents one molecule of ethylene diamine : — 

[^0 en,] [^Co en,] 

Here X and T are acidic groups which may be either identical 
or different in nature. 

Applying his octahedral hypothesis to this case, Werner ' 
pointed out that molecular configurations wonld be obtainable 
from such compounds which would give rise to non-superposable 
mirror-images and therefore to optical activity. In the figures 
below, the ethylene diamine chain is represented by the line 
with the lettering " en " attached to it (Fig. 24). 



Optically active derivatives of compounds of this type have 
actually been isolated ; and this confirmation of hypothesis by 
experiment marks a veiy considerable advance in our knowledge 
of the complex salte of this class. It must again be emphasised 
that up to this point no assumptions have been made as to the 
nature of the forces which retain the various atoms within the 
complex ioQ, All that has been done is to consider the g«D- 
me^cal relationships of the several groups around the cobalt 
atom and, basing our theoiy upon the assumption that the ar- 
rangement is octahedral, follow out the train of reasoning and 
> Werner, Bw.. 1911, U. 1887, aU6, 8183, S9T9 ; 1913, 4& 488, USS. 
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tiien see if it is confirmed by experiment. The results seem 
sufficient to support the thecnry of the octahedral grouping. 

There is still one objection which has not been met. These 
compounds which have been considered all contain nitrogen 
atoms ; and it is well known tiiat nitrogen atoms, when attached 
to five different groups, are capable of exhibiting the phenomena 
of optical activity. Though such an arrangement seems un- 
likely in the cobaltammines, it is well to bring farther evidence 
to show that the optical activity of the complex salts cannot be 
due to this factor. 

Like cobalt, rhodium forms a series of complex salts ; and 
in particular it gives rise to a compound which can be expressed 
by the formula, (Bh(C,0j3)M|, in which M re}n«sents a 
metallic atom and CgO^ is the chain of oxalic acid ; — 

_0— CO— CO— O— . 
In this case, all the six comers of the octahedron are occupied 
by the ends of the three oxalic add chains ; no nitrogen atom 
is present, nor is there an asymmetric carbon atom within the 
structure. None the less, the compound is opticaUy active. 
Ite spatial configuration is the same as those shown in Fig. 24, 
with the exception that the oxalic acid chains replace those of 
ethylene diamine and in addition a third chain unites the pointa 
X and Y ; and examination will show that such a spatial ar- 
rangement is not superposable upon ite mirror-image — which is 
the simplest test for the possibility of the occurrence of optical 
activity in a compound.* 

■ Tha imivt oni smUt tMt thii for himMll bjr onttiog out » smiJl ■qnan 
of p«per, thmttliig b dftraing-iiDBdle through the omtre and Joining the proper 
pointi togethar with thrwd or wool to form am unngement libe ooe al those 
in VJ%. 3i, am extrk jawe at thrMbd bvng a««d to conneot X and T. On le- 
flaoting thia in a mirtoi and building np a aeoond octahedron Identicai with the 
miiroT-lmagB, it will ba toand th«t the two oatahedral anangemeuta ais not 
anpatpoaaUa on each other. 



D,g,l,..cbyGOOglC 



CHAFTEB VI. 

THE PBEODO-AdlDS. 

1. Introdibotory . 

In a Toogh cUaaificatioD of electrolytes, the first three cate- 
goriee which snggoat themselves are — 

1. Acids, which give rise to hydrogen ions. 

2. Bases, which yield bydrozyl ions. 

3. Salts, which dissociate into sddic and basic ions. 

To these three classes a fourth must be added : amphoteric 
electrolytes, which are capable of prodacing either hydrogen or 
hydroxy] ions according to the experimental conditions. Am- 
photeric electrolytes might be sub-divided into two sections : 
for in one set of these bodies it is found that l^e same group 
of atoms gives rise to both hydrc^n and hydroxyl ions owing 
to ioniaation taking place in two different ways ; while in the 
second set tiie hydrogen ions are liberated from one part of the 
molecule, and the hydroxyl ions from another. Examples of 
the first class are found among the hydroxides of metals such 
as lead, aluminium, chromium, betylliunt, and tin, which are 
soluble in both acids and alkalis; while the second class is 
represented by bodies like amino-acetic acid — 

NH, . CHj . COOH 
tiie carboxyl group of which furnishes hydrogen ions, while 
the basic radicle — KH, forms the origin of the hydroxyl ions. 

Ao additional class of electrolytes was discovered later, the 
peeudo-acida and pseudo-bases; and the present chapter will 
be devoted to a description of these acids and their properties. 
Before entering into details, however, some account must be 
given of the history of the subject 

When an alkyl iodide is treated with silver nitrite it usually 
gives rise to two isomeric substances : a nitit)-paraflin and an 
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alkjrl Qitrite. For example, from ethyl iodide, citn>ethane and 
ethyl nitrite are obtained : — 

C,H, . NO, CH( . O . N : 

iritTO-ethuo. Ethyl nitrite. 

With Uie latt«r Bnhatance we are not concerned here. 

The nitro-paraffins were discovered in 1872 by Victor 
Meyer,' and in the ooarse of his investigatioDS he observed 
that they dissolved readily in alkaline solations. This pointed 
to the poefdbility of their containing a hydrogen atom which 
was capaUe of being replaced by a sodium atom; and in 
accordance with tiie views current at that time, Victor Ueyer 
inclined to the explanation that the " negative " nitro-gronp 
influenced the neighbounng hydrogen atoms so strongly as to 
make them acidic to some extent. This idea was tested by 
preparing a tertiary nitro-paraffin, and that substance was 
found to yield no sodium salt — 

CH, 

CH,— C— NO, CH,— CH,— CH,— CH,— NO, 

CH, 

Tntittry. NomMl. 

An examination of the two formolse above will show that 
in the normal substance the carbon atom next the nitro-group 
has two hydrogen atoms attached to it, whereas in the tertiary 
body the Aearest hydrogen atom is separated from the nitro- 
group by two carbon atoms It was tiierefore assumed that 
the nitro-group only inflaeuced a hydrogen atom in its im- 
mediate vicinity. 

In those days, it was taken for granted that the structures 
of an acid and its salt were analogous, and thus the first 
formulee for the alkali derivatives of the nitro-paraffins were 
written simply by substituting the symbol for the alkali atom 
in place of one hydrogen — 

CH,— CH,— NO- CH,— CH— NO, 



Sodiuia derivatiTe, 



■ V. U«7ei, JnnolM, lS7i, 171. !■ 
7 
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This view held the field for a considerable period, but in 
1888, Michael,' in the conrse of his work on the constitotion 
of acetoacetic eater, was led to challeDge the validity of this 
aaaumption. According to him, when a metallic atom replaces 
a hydrogen atom in an organic compoand, it will attach iteelf 
to an oxygen atom in preference to a carbon atom, owing 
the greater "negativity" of the former. Wq cannot enter 
here into his ai^xunents ; a full account of the controversy will 
be found in Lachman's S'pirii of Organic Gkemiatry. Apply- 
ing UichaeVa ideas to the case of nitro-methane, we should 
obtain the following formalse for the parent snhstance and the 
sodium derivative : — 

ONa 

Nitro-methana. Sodiani derivktive. 

On this assumption, the constitution of the acid cannot he 
deduced from that of the salt merely by replacing the sodium 
symbol by the hydrogen symbol ; , bat we must assume that 
the two bodies differ very considerably in constitution. 

In 1895 the problem became still more complicated from 
the experimental standpoint, for in that year HoUeman,' 
Hantzsch and Schultze,* and Konowalow * independently dis- 
covered that nitro-paraffins could be obtained in two isomeric 
forms, the normal form and the aci-form, the latter of which 
had the same structure as the sodium salts. Thus in the case 
of phenyl-nitro-methane, the following substances were dis- 



C,H,— OH,— N : 


0,H,— CH ; N : 


C,H.— CH:N:0 





in 


ONa 




Aci-toim. 


Salt 



This discovery vindicated Michael's views, and the further 

ivestigations of Hantzsch carried the subject into a new field. 

The substance which Hantzsch and Schultze first examioed 

' Miohsel, /. pr. Chem., 1888, [3], 37, 607. 
■HoUeouHi, Bee. Irav. ehim., 1895, U, 139. 
'Uuitesch oDd SobnltM, B^., 1896, 29, 2193. 
'KoDowftlow, ibid., 699. 
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waa the phenyl derivative of nitro-methane, which has the 
stnictare Bhown below — 

C,Hj— CH,~NO, 
This body is formed by the action of silver nitrite upon benzyl 
iodide; and in its purification the sodium salt is prepared, 
and then decomposed by dilute acetic acid or carbonic scid. 
The substance obtained by this method is a liquid boiling at 
225°-227° C. 

If, instead of weak adds, fairly strong mineral acids are 
used to decompose the sodium salt, and care is taken that the 
temperature of the solution does not rise during tbe operation, 
we obtain, instead of the oil, a crystaUine body of m.p. 84° C. 
This substance is the oci-form of phenyl-nitro-methane, and 
has the structure — 

C,H„— CH : N : ' 



which corresponds to the structure ascribed to the sodium 
salt. 

These two bodies differ not only in physical pi:y>perties, but 
in chemical character as well, as the following data will show. 
The normal form of phenyl-nitro-methane is stable when 
heated ; with ferric chloride it yields no immediat« coloration ; 
and it dissolves only slowly in alkalis, forming the sodium 
salt. The oei-form of the substance, on the other hand, is 
labile, and can be converted directly into the normal com- 
pound ; with ferric chloride it gives at ooce a red-brown tint ; 
and it dissolves immediately in alkaline solutions, yielding the 
same salt as t^e normal form. Thus, if we start from the 
normal cfHupound we can convert it into the sodium salt, from 
which we can obtain (by [ffecipitation with mineral acids) the 
isomeric act-form, and by heating this for a considerable 
time we can regain the original normal substance by isomeric 
change. 

Now, Holleman ^ showed that if to a solution of tbe sodium 
salt of phenyl-nitro-methane we add an equivalent quantity of 
hydrochloric acid, and determine the conductivity at intervals, 
we shall find that it rapidly diminishes, which appears to point 

I Hollamui, iiM. troe. chiTn., 1B95, 14,131,139. 

7* 
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to the conversion o£ tJbe act-form into the indifferont, non-con- 
ducting normal form. If no secondary reaction took jdace, it 
ia clear that in the end Uie conductivity should reach that of 
a solatioR of sodium chloride containing the same amount of 
sodium sa tiie orij^nal sodiom salt, since the latter is decom- 
posed by the hydrochloric add to produce sodiam chloride. In 
practice, however, it is found tiiat the isomeric change of ad- 
tana into the normal form is accompanied by a slight decom- 
poffltion of the nitro-body, which {nroduces traces of benzoic 
acid and nitrous acid ; so that Uie end-conductivity of the solu- 
tion is influenced by the presence of these electrolytes in addi- 
tion to the sodium chloride formed in the main reaction. The 
foUovring fignree > will give some idea of the velocity of the 
reacti<Hi. 

Kquimolecular solutions of hydrochloric add and the 
phenyl-nitro-methane sodiom salt, each at a dilation t> = 32, 
were mixed together, prodadng a dilution v = 64. The 
temperature of the mixture rose from 0" C. to about 2° C, but 
in the following figures a correction for this has been made : 
and n represents the molecular conductivity of the solution-st 
various times. 

ARec 8 miuntaa ^ — 69-6 



For NftOl nndet ume eoailtton 



fl V 6S-0 (OODSteDt) 



An examination of the conductivities of scdutions of other 
nib*o-methane derivatives showed that the normal nitro-oom- 
pound in aqueous solution had practically the same conductivity 
as pure water, whereas the oci-derivatives were adds jwobably 
stronger tiian acetic add. 

Let us now summarise what we have dealt with in the fore- 
going paragraphs. In the first place, it has been shown that 
derivatives of nitro-methane exist in two isomeric forms, one 
of which shows neutral properties, while the other isomer is 
markedly addic in character. Secondly, the conversion of the 
neutral body through the act-form Into the salt (which is a 



■ Hantnoh laA DaTidrcu, Btr., 1896, 9, ! 
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derivfttive of the acidic form) requires a certain time ; this is 
shown by the different »t«e at which the two substances dis- 
solve in alkalis : the converse change of tiie salt into the 
neatral form of the nitro-compoond is also a comparatively 
slow reaction ; this is proved by the c(Hidnctivity measurements 
which were given above. Thus in the nibro-par&^n kenee wc 
have an example of sabstanoes which can, .by' mtramolecul^ 
rearrangement, become acidic. Snch BubetaniMA'-HanliWh df- ' 
fines as psendo-addt. There is another class of compounds 
which can, by intramolecular change, give rise to basic sab- 
stancea. These Hantzsch terms pteiado-hases. It shonld be 
noted that Hantzsch lays especial stress upon the point of in- 
tramolecular change and not upon the neutral character of one 
of the isomeni. For example, he would include quinoue mon- 
ozime in the class of pseudo-acids on the ground that intra- 
molecular change takes place in the course of salt formation, 
the fonn (I.) being converted into the salt (IL) instead of the 
salt (IIL) being formed as one mi^t expect from the acidic 
diaracter of tiie — N . OH gronp, 
O : C,H, : N.OH NaO . C.H^ .N:0 O : C,H^ : N.OKa 

CD cn.) (IIL) 

When a solution of an ordinary acid is mixed with that of a 
base, the velocity of neutralisation is immeasurably rapid ; but 
in Uie case of a pseudo-acid, since intramolecular change most 
occur and convert the pseudo-acid into the act-form before 
neutralisation can begin, it is evident that the neutralisation 
will not be an " instantaneous " reaction, but will be governed 
by the velocity of the intramolecular, change. This Hantzsch 
defines as tlow nevArolitaiwn. 

2. Sanizsch't Criteria, 
In one of his earlier papers on the subject of pseudo-acids, 
Hantssch ' put fco^ard a series of criteria by means of which 
he suggested that it was possible to establish whether or not a 
anbstance was a pseudo-acid. Some of these criteria have since 
been abandoned as inapplicable ; but we may give the original 
list here, reserving a discussion of each for the later sections of 
this chapter. 

> HuitzMb, fi#r., 1899, 32. 075 ; 190B, 38, 2109. 
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I. When a hydrogen compound shows slow neatralisa- 
tion phenomena it is a peeudo-acid. 

* II. When a hydrogen compound which itself shows little 

or no condactivity, produces a nentnd alkali salt 

w^i,ch is either not hydrolysed or only ezhibita 

'.': __ \: '. ;..'i5rfit hydrolysis, then this salt has a constitution 

, _.. ,^ difierent f rom tiiat of the original hydrogen oom- 

; .'•:;..' '• : , . ;p»yi^»— *,e., the latter ie a pseudo-acid. 

III. When a colourless hydrogen compound (which when 
dissolved in water gives a odourless solution) yields 
coloured ions and alkali salts which retain their 
colour in the solid form, it is a pseudo-acid 

'I' IV. If in conductivity measurements of a tautomeric sub- 
stance it is found that the temperature-coefficient 
is abnormally large and increases with a rise in 
temperature ; or if the dissociation constant varies 
to an abnormal extent with change in temperature, 
it indicates that the substance in question is a 
pseudo-acid. 
V. (a) If a substance which in its normal form oontaiuB 
no hydrozyl group can be induced to react with 
acetyl chloride or phosphorus pentachloride with 
the libeiatioD of hydrochloric add, it is a psendo* 
acid. 
• (b) If a hydrt^n compound does not form a salt by 
direct addition of ammonia but only does so in- 
directly — ie., in conjuaction with water — then the 
hydrogen compound is a pseudo-acid. 

VI. The existence of abnormal hydrates I in the case of 
tautomeric bodies is a chemical indication that the 
corresponding water-free substances are pseudo- 
acids which only produce salts indirectly by the 
previous formation of an addition-compound of the 
hydrate type. 

* These otilerift have ainoe then been pTored to be Invftlid. 

+ These criteria bre ot very limited applioation. 

tAbnoimtkl bjdntoa are defined by Hantisoh ta those whloh bm not 
fonned bj direct addition ot water to ths non-bydrated sabatanoe, bat an 
produoed only after the original aubstenoe has nndergone obemioal change, 
t.g., when it is precipitated from salts, eto. 
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* VII. The tnolectilar conductivity of all electrolytes in 
aqneone-alooholic solatiiHi is reduced if the alcohol 
content of tiie solution be increased^while the degree 
of dilution is kept constant ; but the diminution of 
the conductivity of tme acids is greater under the 
same conditions than is the case with pseudo-acids. 
It should be expressly stated that Hantzsch admits that 
no one of these criteria in iteelf is a conclusive proof of the 
presence of a peeudo-add. All that can be said for them is 
that if a ctnupound agrees with several criteria, then the proba- 
bility is that it is a pseudo-acid. Further, the various criteria 
differ in dedsivetiess. Hantzsch in one of hie papers^ laid 
especial stress upon the neutralisation phenomena, the ammonia 
reaction, and the formation of coloured ions by colourless parent 
substances ; while he attached much lees importance to the 
other criteria. 

In the succeeding sections the various criteria will be taken 
up in turn and an account will be given of the criticisms which 
they have evoked. 

3. The Phenomena of Slow Neutralieation. 
Some description of the slow neutralisation phenomena 
has already been given in the first section of this chapter. 
Experimentally, the question may be approached from either 
of two points. In the first place, we may prepare a solution 
of the sodium salt of a nitro-paraffin, aay nitro-ethane, and add 
to it the molecular equivalent of hydrochloric acid. If the 
dilution be considerable and the temperature be kept in the 
neighbourhood of zero, it is found that at the moment of the 
addition the conductivity is considerably higher than that 
of a solution of sodium chloride under the same conditions. 
This increase in conductivity above that of a common salt 
solution is to be attributed to the presence of the aci-iorm of 
nitro-ethane, which results from the double decomposition — 
CH, . CH : NO . ONa + HCl - NaCl + CH, . CH : NO . OH 
The presence of tiie act-form is also shown by the fact that at 
the moment of mixing the two solutions, the mixture is acid 
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and gives a coloration with ferric chloride. After a few hours, 
however, the cimdnctivity sinks to that of an equivalent solu- 
tion of pore sodium chloride ; while simultaneously the solution 
loeee its atud properties and ceases to give any ferric chloride 
ooloratiim. This is to be attributed to the conversion of the 
a«i-form into the neutral nitro-compound~- 

CH, . CH : NO . OH -* CH, . CH, . NO, 

The second method depends upon the slow formation of the 
nitro-paraffin salt. Equimolecular aqueous solutions of nitro- 
ethane and sodium hydrate are mixed together; and it is 
found that the conductivity does not immediately attain that 
of the sodiam salt of nitro-ethane. Whence it may be de- 
duced tiiat salt formation is not instantaneoos, but requires 
a measurable time to complete. 

Now, though the slow neutralisation pheuomena give a 
clue to the presence of a pseudo-acid, it must not be assumed 
that the converge proposition also is true. Because a body 
does not show slow neutralisation we are not entitled to take 
for granted that it is not a peeudo-acid. It is clear that what 
we actually measure in the case of slow neutralisation is the 
rate of change of the normal form into the oci-form, or vice 
versd. But if this change took place with very high velocity, 
it is quite possible that it might be complete before we could 
measure the conductivity. In this case, we might actually 
be dealing with a pseudo-acid, but conductivity measurements 
might lead us to suppose that we had a true acid instead. 
Thus this criterion of Hantzsch holds good only if we obtain 
positive results. If the conductivity measurements do not de- 
monstrate the presence of a pseudo-acid we are not entitled 
to assume that the substance is not pseudo-acidic. 

4. Abnormal Hydrolysis. 
The evidence upon which Hantzsch > was induced to put 
forward this criterion fca- pseudo-acids may best be ^ven in 
Ms own words. "The potassium salt of dinitro-ethane reacts 
completely neutral and is not more hydrolytically dissociated 
than, e.g., potassium chloride. Such salts, however, as I will 
show by numerous e^camples, are derived from strong or 
1 HutzBoh, Ber., 1899, 32, 679. 
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at least moderately strong acids (of the same strength as 
ttie acetic acid group) which have a clearly marked acidity; 
for veiy weak acids f«^uce hydrolytically dissociated salts 
with an alkaline reaction. Now free dinitro-ethane has not 
a mediom, or even a very small, dissociation constant ; it has 
absolutely no measurable dissociation constant at all. Thus 
it ia not merely an acid weaker than very weak acids like 
hydrocyanic, acid or phenol ; it is not an acid at sll. Now if 
it, acting as an acid, could produce a salt CH, . CK . (NO,),, 
ttien this salt would be hydrolysed to a greater degree than 
even potaaainm cyanide or sodium phenolate. Since, however, 
the actual so-called salts of dinitro-ethane show absolutely no 
hydrolysis, they cannot be derived from unaltered dinitro- 
ethane, but must be produced from an isomeric acid form, iso- 



Unfortunately for this reasoning, it was shown by Kanff- 
mann > that it is in contradiction with the Law of Mass Action. 
Assuming this law, it can be proved that in spite of salt forma- 
tion being accompanied by intramolecular change the hydroly- 
sis of the salt will be normal Thus this criterion falls to the 
ground. 

5. CototW'Change in Paanitg from Paeudo-acid to Salt. 

It will be recalled that Hantzsch laid down as one of bis 
criteria, that if a colourless hydrogen compound gives rise to 
eolonred ions and coloured solid alkali salts, then it is a pseudo- 
add. At tiie time this was first put forward, the only evidence 
in favour of it was physico-chemical, and no purely chemical 
data were forthcoming for a considerable period. In order 
to prove chemically that a compound is capable of existing in 
two isomeric forms it is esaentiaJ to isolate two isomeric deriva- 
tivea from the parent substance, and it was not until 1906 
that Hantzsch and Gorke * were enabled to announce that this 
criterion had been put upon a purely chemical basis by tiie 
isdation of two methyl ethers of o-nitro-phenol. These two 
bodies reoembted in character the isomeric ethers of phenyl- 

■ KMftmmnn, Zeitteh. phj/tikal. ChMt., 1904, 47, 619; ef. Euler, Btr., 
1908, 90, 16OT. 

■HuitMeb uid Ooika, ibid., 1073. 
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Ditro-metliftDe, and to them the followiBg formulaa were 
ascribed: — 

JiO, ^NO . OCH, 

C,H,< C.HX 

Nonn&l ether. Ether of oei-fonit. 

The fiiBt substance is a colourless compoUDd, while the 
oci-ether has an inteoae red tint. Thus the intramolecular 
change which produces the aci-form from the normal nitro- 
phenol is accompanied by a change in colour. 

Some remarks of Hantzsch ^ in reference to the auxochrome 
view of colour in this connection led to a somewhat prolonged 
controversy with Kauffmann,* into the details of which we 
need not enter here. Kaufiinann adduced the case of the di- 
methyl ether of mtro-hydroquinone, which, according to bim,* 
is capable of giving boUi coloured and colourless solutions, 
though, as can be seen from its formula, no isomeric change 
is probable in the molecule— 

OCH, 



0~ 



r 



OCH, 
Eauffmann stated that in hgroin solution the substance is 
colourless; but that on allowing it to crystallise, intensely 
yellow needles are obtained. Other solvents, especially associ- 
ating solvents, gave pale yellow solutions, while dissociating 
solvents, such as glacial acetic add, water or alcohol, gave 
more deeply coloured solutions. Thus, according to Kauff- 
mann, " in dissociating solvents, the solute shows its natural 
properties most cleeo'ly; in associating solvents, on the con- 
trary, it is in a state of strain". This last phrase will, of 
course, appear to furnish a complete explanation or to be mere 
words, according to the reader's prejudices. Hantzsch* in his 

> Hantzacb, £«-.. 1906, 39, 1064. 

'Kauffmajiii, iJiid., 19G9, 4287; 1907, 10, 4B1, 4547; sae blao Hantuoh, 
t&id., 1906, 38, 3073 ; 1907, 40, 1«S6, lS7a, ; 190S, 41, 1214. 

1 Koutrnuuui, t6ui., 1906, 39, 434a • H&ntnoh, tbuf., 1907, 40, IfifiB. 
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reply pointed out Utat Eaadtnano's asBumption was not id 
acoHxlance with onr experieace. In dissociating sdlTents we 
do not find a substance showing its " nonnal " behaviour, for 
in such solutions we get dissociation or addition-eomponnd 
formation. Hantzsch then proceeded to examine the molec- 
ular weight, colorimetric value and molecular refraction of 
nitro-hydroquinone dimethyl ether in various solvents, and 
found that it was probable that the yellow solutions of the 
body contained molecolar complexes. If this be the case, and 
since the solid substance is also yellow, it seems fair to assume 
that the yellow colour sometimes shown by the substance is 
due to the formation of complexes and is not inherent in the 
molecule ; and hence, KaufTmaon's case falls to the ground. 

Further evidence in Uib direction is furnished by some 
work of Blaise ' who showed that when glutaconic ester — 

CXX)Et— CH : CH— CHj— CXX)Et 
is treated with sodiom ethylate, it gives a yellow colour, 
whereas if a homologue which contains no free hydrogen atom 
is treated with sodium ethylate no colour is developed. This 
points to the wandering of a hydrogen atom daring the addition 
of the ethylate, the addition-compound being supposed to have 
the following structure : — 

/ONa 

COOEt^CH : CH— CH : c( 

M)Et 

It seems {o^bsble, on the evidence before us, that this 
criterion of a peeudo-acid is valid. 

6. AhnormaX Temperatva-e Coeffi.cients. 

In his original paper on the pseudo-acids, Hantzsch * ex- 
pressed this criterion in the following words : "Temperature 
coefficients of conductivity which are abnormally targe and 
which increase with rise in temperatiire, as well as degrees of 
dissociation and dissociation constants which vary to an ab- 
normal extent with temperature change, indicate in the case 
of tautomeric bodies the presence of ionisation-isomerism ". 
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It will be seen that the kernel of the queetion lies in the 
word abnormal ; and from the polemics of Hantzsch and Euler, 
it appears tiiat this expression is capable of rather wide in- 
terpretations. 

Hantzsch ' based his views upon the assumption that true 
acids, which do not alter their constitution, show an increase 
of conductivity with rise in temperature ; but that this in- 
crease is smail and is to be considered aa due to an increase in 
ionic mobility rather than to an increase in the degree of ionisa- 
tion. Further, according to him, in the case of true acids, 
the conductivity temperature coefficients diminish with rise in 
temperature. Finally, the dissociation constants of acids of 
unchangeable constitution are not dependent to any great ex- 
tent upon temperature, since in the aromatic acids between 
0° C. and 26° C. the variation does not usually exceed about 
10 per cent, sometimes poedtive and sometimes n^ative. In 
contrast to this behaviour, Hantzsch placed that of the pseudo- 
acids which, accwding to him, between 0° C. and 26° C. show 
an increase of 100 per cent, or more in the constant. 

In his criticism of Hantzsch's views, Euler* pointed out 
that a comparison of the temperature coefficient of a pseado- 
acid like phenyl-nitramine with those of true electrolytes such 
as aniline or phenol shows that the latter bodies have a much 
higher coefficient. 

Hantzsch in his reply ^ objected to the comparison of a weak 
electrolyte with such a substance aa dinitro-metbane, which is 
ten times as strong as acetic acid. He admitted, however, 
that nitroform, which is undoubtedly a pseudo-acid, has 
almost the same low coefficient of temperature as hydro- 
chloric acid. 

Witbont going further into the qnestiou, it is evident that 
this criterion cannot stand by itself, but can be used only in 
support of other evidence. It should be noted, however, 
that Hantzsch expressly stated this in his earlier papers : none 
of his criteria in itself is sufficient to •prove the presence of a 
psendo-acid ; all that can be done is to show the probability 
that a substance belongs to this class. 

< Baler, ^ind.^ 1906, 39, 1607. 
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7. The Ammonia 'Retuitwn. 
This criterion depended upon the rate of predpitatioD of 
an ammonium salt from a solution in abeolute benzen& Solu- 
tions of the psendo-acid and of ammonia in benzene were 
mixed together under certain conditions and it was found 
that a slow precipitation of anmioninm salt took i^ace, which 
was in sharp contrast to the immediate precipitation produced 
when benzoic add was anbetitated for the psendo-acid. 
Farther investigations, however, convinced Hant2sch ' that 
the factor of super-saturation entered so powerfnlly into the 
qnestion as to make the criterion of little value. 

8. A}ytu»-mal Hydrateg. 
When a substance forms a hydrate it is uanaUy assomed 
that direct addition of water to the molecule occurs; but in 
certain cases it is possible that before water can attadi itself 
to the substance, the latter body must undei^ intramolecular 
change. Such hydrates are defined by Hantzsch* as "ab- 
normal," and their presence can be taken as a proof that the 
compounds which yield them are capable of tautomeric change. 
Suppose that a substance is capable of tautomeric change and 
gives rise to a hydrate. By substitution the structure of 
ihtt molecule can be altered so as to prevent this tautomerism, 
while the general character of the substance is still retuned. 
If this derivative givw no hydrate, then we should be justified 
in assuming that the hydrate formation was in some way 
boond np with the possibility of tautomerism ; and we might 
suppose that tautomeric dmnge must occur before the hydrate 
could be formed. In this case, of course, the parent substance 
would be a pseudo-add. Instead of the addition of water, 
we might utilise the addition of alcohol as a test ; the reason- 
ing in the case of alcoholates is the same as that used for 
hydrates. It will be seen that the possibility of applying 
this criterion is very limited. 

9. Conductivity in Aqueous-Alcoholic Solutions. 
Hantzsch and Voegelen' observed that if a pseudo-acid 
and a real acid be dissolved in mixtures of alcohol and water, 

> Hantnoh, Ber., 1907, 40, SOBl. * ibid., 1899, 32, ST9. 

> HaatMota and Vo^slen, iW., 1903, Sfi, 1001. 
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the dJlutioD of the solation being kept constant while greater 
percentagoB of alcohol are added, then the diminution of the 
conductivity of the true acid with increase of alcohol is lesa 
than the falling off in the dissociation of the pseudo-acid. A 
concrete example will niake the point clear. Suppose the 
conductivities of violoric acid and bsvulinic add are com- 
pared at Vt^. The two acids are approximately of the same 
strength, for with violoric add K = 0'0027, while Isevulinic 
add has K = 00024. 

Percentoge ot »loohol in soluaon 0°/, 26°/„ *ff=/„ 6ff>/, TS'/^ 100°/„ 
Violurio ftoid ^ . . . . U-flO 6-58 4-13 2-ai 0-90 0-23 
LKTttUnie Mid fiM . ■ 13-85 4-6S 2-85 1-19 0-32 — 

Ad examination of the figures will show that when the solation 
contains say 40 per cent, of alcohol, in the case of violuric 
add the original Ggure 14'50 has tallea to 4'13, whereas in 
the case of leeTiilinic acid the fall has been greater, from 
13'85 to 2-36. Thus by the same change of character of the 
solationa we have produced a drop of 1037 units in the case 
of violuric acid and 11*49 units in the case of laevulinic add. 
In other wcords, the pseudo-add has shown less decrease in 
conductivity than the true acid. 

This criterion is not aj^licable id every case, for Euler ' 
has shown that phenyUnitramine and acetic acid give practic- 
ally the same results, as the following figures for K . 10* 
prove : — 

40 Pot Cent 
Water. Aloohol. 

Phmyl-aitnmliie 17-5 1-26 

AMtioMid . IT-B 1-86 

To this, Hantzsch ^ ret(H-t«d that the criterion doee not neces- 
sarily hold in the case of every pseudo-acid ; all that we need 
say is that if a substance agrees with it, then that substance 
is a pseudo-add. If the substance does not show the pheno- 
mena it may or may not be a pseudo-acid ; and further tests 
must be applied if we are to determine its nature. 

10. The Refractometrie Method. 
In the for^;oing sections we have dealt with the criteria 
laid down by Hantzsch in the course of his researches on the 
' Ealer, Ber., 1906, 39. 1607. ' Hutzsoh, ibid., 2098. 
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pseudo-Bcide. There remaiiis one other method, deviaed by 
Muller,' which enables us to determine whether a pseudo-acid 
is present. It is well known that in many cases it is possible 
to calculate tiie refractive index of a given substance by simply 
adding together a series of known factors which correspond 
to the atoms and linkages of the suhBtance's molecule. This 
method breaks down when tautomeric change is pus!<ible 
within the molecule, aa then we might get an observed value 
corresponding to either form of the compound's structure or 
to a mixture of the two forms. In such cases it is often 
possible to determine the exact constitution of the substance 
observed, even when it conaista of a mixture of two iso- 
merides. 

Now suppose that we have an acid BH yielding a sodium 
salt RNa which is formed without intramolecular transposition, 
it is dear that if we take the difference between the refractivi- 
ties of BH and RNa under identical conditions this difference 
will depend entirely upon the H and Na, that is, the dif- 
ference will be a constant for all normal acids. This constant 
difference has been found to be approximately 1'6. Let \is 
now consider the case of a peeudo-acid. Here, not only have 
we the replacement of hydrogen by sodium, but in addition 
we have an alteration of the compound's structure due to 
the change of the pseudo-acid into the oci-form previous to 
salt formation. This change in structure is accompanied by 
a considerable Eilteratiou in refractivity, so that in the case 
of the peeudo-acid we should expect to find that the difference 
between the refractivity of the parent substance and that of 
the salt would diverge considerably from the normal difference 
of 1-6 units. Thin has actually been found to be the case by 
UuUer. Taking into account the accuracy with which re- 
fractivity measurements can be made, this method of proving 
the |»resence of a pseudo-atud appears to possess considerable 
advantages over most of the others. 

11. Cowiluswn. 

We have now discussed the various criteria which may 
be applied to determine whether or not a given sabetance 

'HnllM, CompL tmd.., 1902, 134, 661 ; see &1bo liU attlole in itfcmlt 
progrU d» la (Aimia (2Dd Series), 1906, p. 40. 
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ahottld be ranked aa a peendo-acid or as a nonnal acid. Some 
of Hantzsch's original suggestions have proved of no value, 
and it is clear that others are either of little use or of very 
limited application. The most valuable ones seem to be Uie 
phenomena of slow nentralisation, the change of colour in 
passing from a peendo-acid to its alkali ealts, and the refiacto- 
metric method. Of less importaooe are Uie temperatore 
coefficients, the formation of abnormal hydrates, and tiie 
conductivity dea«ase in aqueous-alcoholic solntions. The 
ammoaia reaction and the supposed abnormal hydrolysis of 
salts of pseudo-acids have been found to be worthless. 

In connection with the peeudo-acids, attention may be 
drawn to the case of tetranitro-methane.' Under nonnal con- 
ditions, this substance ai^ars to exist in the putB nib<o-form, 
(NO,),C . NO, ; bat in presence of amines or alkyl salf^idea 
it seems to be slowly converted into triuttro-nitiito-methane, 
(NOj),C . . N : O; for it gives exactly the same colour re- 
actions as are observed in the case of alkyl nitrites of the type, 
R . CHj . O . N : 0. This case seems to be a half-way stt^ 
towards pseudo-acidity. 

■ Harper and HMbeth, Trtm*., 1916, 107. 87 ; H»obeth, iMd., ie». 
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CHAPTEK VII. 

THE THEORY OP INDICATOBa 

1. Ostwald's Ionic Hypothesis. 

Thb hiBtory of tiie indicator theory is of interest from more 
than ODe standpcnnt. In the first place, it brings out clearly 
the fact that, without injury to the science, it is impossible to 
split up chemistry into the water-tight compartments of the 
organic, inorganic and physical sections ; and it suggests that 
the bwning of pure specialist, no matter what their eminence 
may be, is not an infijlible remedy against errors. In the case 
of the chemifitry of indicators, this tendency towards epecialisa- 
iion retarded our knowledge for a considerable number of 
years. Since among organic chemists the problem of chemical 
structure is pre-eminent, the investigations of indicator &om 
this side were almost wholly devoted to the elucidation of the 
chemical constitution of the parent substances; and their be- 
haviour on salt formation was hardly brought under considera- 
tion at all. On the other hand, the average physical chemist — 
and even more so the physical chemist of the Oatwald school — 
appeared to be indifferent to the problems of pure organic 
chemistry; and his interest in the indicator question was 
directed chiefly toward inquiries as to the behaviour of ions. 

Secondly, the history of indicatoiB demonstrates clearly that 
even in [K-eeent-day science the influence of authority counts for 
a good deal. Had Ostwald's indicator hypothesis been put 
forward by an unknown man, it is doubtful if its improbabiMties 
would have passed witJiout examination for a whole decade. 

Thirdly, the conservatism of the scientific mind can be 
traced in the fact that in aonxb compendious works on chemistry 
the old erroneous hypothesis was still being described as correct, 
even (en years after its basis had been destroyed by careful 
investigations. 

In order to understand Uie chemistry of indicators, it is 
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' to go back to the reBearcbes of Ostwald > upon the 
colour of ions. From an examination of the solutions of a 
number of coloured salts, he was able to show that the ab9(»p- 
tion spectxa of dilute solutions of salts containing the same 
coloured ion are identical. For instance, the dilute solutions of 
the permanganatos of lithium, cadmium, aluminium and nickel 
all contain a common absorption band which is evidently 
characteristic of the permanganate ion. This establishes the 
fact that when any salt yielding a given coloured anion is 
completely dissociated in solution, the tint of the anion is in- 
dependent of the nature of ttie cation. 

As a sequel to these observations, Ostwald put forward his 
hypothesis as to the indicator mechanism.* His fundamental 
postulate was that the cdour changes observed among indicators 
were due to the dissociation of Uie indicator molecule into ite 
ions or the recombination of the ions to form aa andissociatod 
molecule. To account for the actions of acid and alkali upon 
such an indicator as phenolphthalein, he advanced the following 
su^^estion. Phenolphthalein is a very weak acid. Conse- 
qnently, in presence of stronger adds (or even of water) it is 
piuctic&lly undissociated ; and since the undissociated molecules 
are colouriess, the solution remains untinged. When a strong 
base such as sodium hydroxide is added to the aqueous solution, 
the sodium salt of phenolphthalein is formed ; and it becomes 
strongly dissociated, yielding the coloured anion of phenol- 
phthalein, which thus tints the solution with the same colour, 
no matter what cation is [absent. The addition of an add to 
tiiia cdoured solution causes an increase in the hydrogen ion 
content of the liquid, with the result that these hydrogen ions 
combine with the phenolphthalein anions, producing colourless 
phenolphthalein molecules once more. 

When phenolphthalein is added to a concentrated solution 
oE sodium hydroxide, it is found that no colour at all is de- 
veloped. On the icmisation hypothesis this was accounted ff^* 
by the assumption that the presence of tiie large excess of 
sodium ions in the solution tended4« drive back the dissociation 
of the sodium salt of phenolphthalein, so that only a few of the 
dissociated, coloured ions oE phenolphthalein found their way 
into solution. 

> Oitwald, Z*^th. p^njkof. Chtm., IB93, 9, 579. 

*Atd.,' BM also his fL>iuulalii)nao/^naI^McaICA«ffiulry,p. 118. 
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Ostwald's acquaintance with the chemistry of indicators 
must have been of an extremely sketchy character ; for other- 
wise he would have been aware of the fact that the solid salts 
of phenolj^thalein, for example, are strongly coloiuvd com- 
pounds ; 80 that the mere combination of ions to form the on- 
dissociated sodium salt would not be sufficient to cause the 
disappearance of colour. None the less, his authority was ap- 
paientiy sufficient to prevent any further inveatigation of the 
indicator problem until the res^rcbes of Hantzsch upon t^e 
peendo-addB be^^ to throw light upcm the matter from an 
entirely new angle. As will be seen in the next section, the 
txne explanation of the indicators' behaviour was established 
mainly by the work of organic cbemists. 

2, TA« IniramoUt^ar Change Theory. 

In order that the indicator problfflu may be understood, it 
is necessary to deal very briefly with a relationship which has 
been established between tJie presence of a certain chemical 
grouping — tiie quinonoid stmctnre — in a molecule and the ex- 
hibition by that molecule of colours visible to the eye. This 
qninonoid structure may be reja^sented thus : — 



H H 

II H H 

Quinonoid ttioctare. Qulnone. 



■^: 



and the name is derived from that of quinone, which contains 
Uiia molecular arrangement. It is, of courae, not essential for 
the production of colour that a quinonoid grouping should be 
ptioeent in a molecule ; for other chromoi^iorea are known such 
as the azo-group, — N : N — , or the diketo-groai^ — CO . CO — ; 
bat the resolta at a very large number of observations show 
that if a derivative of the benzene series while containing no 
other chxomoj^ore, displays colour, then its formula can be re- 
arranged into a quinonoid form ; and the deduction has been 
drawn that the molecules actually exhibiting the coloration are 
qainonoid in structure. Now benzene derivatives having the 
ordinary benzenoid constitntion are not coloured to the eye 
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onleea they contain some chrOmophwic group ; so that if a com- 
pound of this type develops visual coloration tt ia safe to 
conclade tiiat its structure has undergone rearrangement into 
the qoinonoid form. 

An example will make the matter dear. From a nitrophenol, 
two isomeric ethers may be obtained, one of which is colourless 
while the other \b intensely yellow. The yellow isomer is 
labile and is readily transformed into the stable variety. Taking 
tiie case of partt-nitrophenol as an instance, the two isomeric 
ethers would be represented' thus : — 

EtO. vCH=CH. 

>=c/ )c=o 

O^ X3H=CH/ 

Yellow isomer. 
OH— CH*^ 



-cf' 



^-< 



■OEt 



\CH=CH- 

ColoutlcM isomer, 
and it will be seen that the transformation of the coloured com- ' 
pound into the colourless isomer is accompanied by a disappear- 
ance of the quinonoid structure which forms the main part of 
the yellow ether's molecule. 

From what has been said in tiie last chapter, it will be 
evident that this is merely a case of pseudo-acidity; and that 
the one ether is derived from the a«i-form whilst the other is 
produced from the normal form of the nitrophenol. 

It is now possible to turn again to the indicator jHroblem. 
For rather more than ten years Ostwald's ideas held Uie field, 
and it was not until 1903 that they were challenged by several 
investigators ' who brought forward their objections in that 
year. For the sake of simplicity, attention may here be con< 
fined to the case of phenolpbthalein, since this substance played 
the greatest part in ike course of the discussion. 

Stieglitz pointed out that in view of the intimate connection 
between colour and chemical constitution which had been 
common knowledge for over a quarter of a century, it waa 
most improbable that phenolphthalein, having no chromophoric 
group in its molecule, should become intensely red merely by 

' Stieg^ts, Anur. Cham, Soc, 1903, 25. 112; Etemftnn, ZtUiek. anorgati. 
Ohem., 1903, 33, 87 ; Bredig, ibid.. Si, 302. 
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dissociation into ions; and he drew attention to Hantzecb's 
work on the pseodo-acids aa famishing parallel cases wherein 
a colourless compound develops colour on heing treated with 
alkali. 

This paper brought the subject into a new orientation. 
Instead of mere ionisation being blindly accepted as the root- 
caose of indicator colours, it became dear that a much more 
|»obahle explanation might he furnished by assuming that the 
origin of the coloor-changea was to be sought in intramolecular 
rearrangements in the Btractures of the indicators. According 
to Stieglitz, undisBociated phenolphthalein has the constitution 
(I), which contains no quinonoid grouping and is visually 
colourless. The formation of the sodium salt leads, «n his 
hypothesis, to a rearrangement of structure which gives rise to 
the quinonoid grouping shown in (II.). As Hantzsch pointed 
out later, the colourless character of phenolphthalein in con- 
centrated alkaline solntione may be accounted for by the pres- 
once of a salt having the structure (^W^ which, like that 
of phenolphthalein iteelf, contains no quinonoid grouping. 

HO— i(^ /\-0H HO— /*^ 



if KX^ 






^ 



COONa 

(I.) (II.) 

Iphthklein Monoaodiam s&lt 

ourI«M). (ookund). 



-ON. 




0OON« 
(III.) 
Triiodituii ult 
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Bat already evidence had come to light which proved the 
inenfficiency of the ionic hypothesis. The red solution produced 
by adding a base to phenolphthalein slowly toees its colour on 
the addition of a lat^ quantity of dilute alkali ; and when Uiie 
alkaline solution ia neutralised with acetic acid at low tem- 
peratures, no development of colour is observed. On boiling 
the solution, however, the red colour reappears.' 

Again, when the methyl ester of phenolphtiialein was pre- 
pared,^ it was found to be scarlet in colour, altiiough in the 
process of esterification the most powerful ionc^;enlc centre in 
the molecule (the oarbozyl radicle) is put out of action. This 
methyl ester retains its colour for a time in presence of acids ; 
but becomes decolorised in aqueous sotation after standing for 
twelve hours. The decolorisation proceeds much more rapidly 
in alcoholic solution. 

Then, finally, the reactions between bases and compounds of 
the phenolphthalein senss are not instantaneous ones — as they 
would be were mere ionic processes alone involved — but require 
instead a measureable time for their completion When an ex- 
cess of sodium hydroxide is added to a solution of tetrabromo- 
phenolphthalein, the mixture shows a very high electrical 
conductivity ; but this gradually diminishes until, after about 
forty minutes, it reaches a minimum value at which it remains 
approximately constant.* This behaviour, which is exactly 
parallel to the behaviour of a pseudo-acid, is quite inexplicable 
on the purely ionic hypothesis ; and the slow decolorisation of 
the methyl ester of phenolphthalein in aqueous solution shows 
that in this case also some process is involved which requires 
time for its accomplishment. 

Theee facts completely destroy the Ostwald hypothesis." 
They not only cannot be explained by it; but some of them 
actually are the very reverse of what could be deduced frran its 
applicaticm. For example, if ionisation be the cause of the 

■ areen vaA. Ferldii, IVatu., 19M, 86. 398. 

'Onen and King, B»r., 1906, 39, 3B65; H&ntEgoh and K. Mayer, iiid., 
1907, 40. 8480. 

* E. He^Bt Md Hantmch, tMd , 8479. 

* Ostwald's knoif ledga of ai^anio obemiatry wm appAMntly InsuffioianC to 
&llow him even to ftppraoiatte the bearing of these leaeuchea upon tuB ionic 
hypotheBli, lor in his (TrundrUf drr afl^aowtfun CK»m%» (4th editioD, 1900), 
he gives the ionia view u the ooneot one. 
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coloar of red phenolphthalein, how is it possible that the scarlei 
ester should show a tint in acid Bolotioii and yet tend to become 
colourless in aqneona solution ? 

When the theory of intramolecular change is applied to these 
caaes, it is found that a satisfactory explanation can be reached. 
In the case of the first set of experiments, the following process 
evidentiy takes place. The preliminary appearance of colour 
when a base is added to phenolphthalein is due to the change 
from the benzencad to the quinonoid structure represented in 
the formulie below. Further addition of alkali brings into 
existence tiie beozenoid trisodium salt, which is colourless. 
Neutralisation of the solution containing this salt by means of 
add in the cold simply displaces tiie sodium atoms from the 
hydroxyl groups without bringing about any change in oon- 
stitation ; so that the colourless benzenoid form of the nucleus 
remains nnchanged. When heat is applied, however, the com- 
pound loses a molecule of water and reverts to the usnal mono- 
sodium salt of phenolphthalein, so that the solution becomes 
ooloored. The formulae on p. 120 will make the various changes 
clear. 

Turning to the case of pheQoI|^thalein ester, the esterifica- 
tion of the carboxyl radicle forces the production of the quinon- 
oid form, since the lactonic ring is opened : — 

HO— j^^ f\-Jim HO— /^ 



U 



\r 



C.H^ O 0,H« 

CO COOCH, 



In presence of acid, the ester is not immediately hydrolysed, 
so the red tint persists for a tJme. In aqueous solntion, 
hydrolysis takes place on standing, with the result that tiie 
compound eventually reverts to the benzenoid lactonic form ; 
but owing to the presence of the water of the solvent, the 
elimination of a water-molecnle to form tJie lactone is not a 
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\ \ 

COONa COONa 
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swift process. On the other liand, when alcohol is uaed as s 
solvent, there is very little back-reaction and conaequently the 
system changes into tiie benzenoid type with much greater 
rapidity. 

In a later paper Hantzsch,* upon whose pseudo-acid re- 
searches tJie modem chemical theory of indicators depends, 
summarised the objections to the Ostwald hypothesis. In the 
first place, it is a well~established fact that all salts derived from 
colourless bases and colourless acids of unalterable structnre 
yield only colourless ions. Secondly, coloured-ions are formed 
only from salts which in the undissociated condition arealready 

1 HantzBch, B«r., 1906, 39, lOU. 
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coloured.* Thirdly, coloorreHB compoondB which give rise to 
colooied i<ms have been proved to under^ atructoral change 
dnring the i»t>cees. From these facts it is evident : (1) that 
colour production is abeolutely independent of ionisation, and 
(2) that the production of coloured from colourless compounds 
neceaaitatee a structural change in the molecule. The important 
point in the indicator question is therefore the possibility of 
such intramolecular changes occurring in the compound ; and 
the ionisation side of the problem is a secondary one which 
only comes into play when the preliminary chemical factors are 
presenL The colour-change in an indicator is due to the in- 
fluence of an electropositive metal which brings about structural 
change in the molecule and produces a coloured (quinonoid) 
grouping. As a secondary process, ions are formed ; and these 
are coloured, not on account of the ionisation, but simply be- 
cause they are engendered by a coloured salt. 

Now, in order that a compound should be of practical value 
as an indicator, it is necessary that these intramolecular changes 
ahonld be extremely rapid — ^they must take place with velocities 
comparable with Uiose at which ionic reactions proceed. This 
explains why nitro-metiiane, for example, is useless as an indi- 
cator ; for its speed of structural change is too slow to allow it 
to be of any practical assistance in titrations. Thus alt indicators 
must be either pseudo-acids or pseudo-bases; but the converse 
is not true, since some pseudo-acids and pseudo-bases undergo 
rearrangement so slowly that titration with their aid would 
be a needleasly lengthy process. 

The foregoing evidence is sufficient to show that the intra- 
molecular change theory of indicators has the weight of evidence 
upon its side; but in order to establish it beyond dispute, a 
further step was necessary. Hitherto we have been content to 
assume Uie occurrence of intramolecular rearrangement in the 
phenolpht^l^ molecule ; but in order to prove the reality of 
this change in a conclusive manner it is necessary to isolate 
actual specimens of the two structural types and to show that 
one of them can be converted into the other. It is not neces- 
sary to use phenolphthalein itself for this purpose ; a simple 

* The CMS of ftuhydiDnB ooppsr sulphate might tw thought to conflict with 
this. ' CoDildenttioQ will show, however, that before ftny lone &re lotmed the 
material is aonTerted inUi tba blue pentfthydnte. 
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derivative will serve the purpose equally well. The evidence 
bearing npon the point may now be described. 

Consideration of the ^enolphthalein stnictnre will show 
that it is possible to introduce an ethyl radicle into it in either 
of two ways : (1) by rupture of the lactone ring and production 
of an ordinary estw which must, perforce, have the quinonoid 
sbncture ; or (2) by the displacement of a hydrogen atom in 
either of the two hydroxyl radicles, yielding a benzenoid 
derivative : — 

C.H,— COOCtH, C.H,— CO 

i^ i-i 

HO-C.Hfo.H. ; O HO— C,flf 0^,— OH 

Ester Phenolphthalein 

(coloured). (ooloQTlesa). 

C«H«— CO 

/\ 
CjH,0— CgHi CH,— OH 

Ethsr 
(oolourlese). 

The simultaneous replacement of two hydrogen atoms by 
ethyl groups will obviously give rise to two isomeric compounds 
having the following constitutions : — 

CgH,— COOCjH. C<H«— CO 

CjHjO— C,^ CflH, : O CjH.O— C,^ C.H,— OC,Hj 

Colouied. Colourlesa. 

Now when the silver salt of phenolphthalein is treated with 
ethyl iodide, an intensely yellow di-etiiyl ester is produced ^ 
which is extremely labile and can be converted into & stable 
colourless ester even by recrystallisation. These two compounds 
can be represented by the above isomeric structorea \ and the 
existence of the two isomers in the solid state proves conclusively 
that phenolphthalein is capable of exhibiting a duplex constitu- 
tion; whilst the conversion of the labile isomer into the stable 
1 B. H«;ei ud Uant, B«r., 1907 , 40. Uli. 8608. 
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form showB that the mtramolectilar changes postulated in solu- 
ti<m COD actually be oheerved to take place. Thos the intra- 
molecular change theory of the coloar of indicators is placed 
npon a firm experimental baaie. 

3. The Mechaniem of Indication. 

The evidence described in the foregoing section is sufficient 
to prove the correctness of the intramolecalar change theory 
of indicators ; and it may be well to give here a sketch of the 
processes which are involved in the titration of an alkali by 
means of acid when phenolphthalein is naed as an indicator. 

In the fimt place, the solution of the indicator itself 
contains an eqailibriom mixture of three things : (1) undis- 
sociated phenolphUialein in the benzenoid form; (2) undis- 
Bociated phenolphthalein in the quinonoid form ; and (3) the 
ions derived from the quinonoid form of phenolphthalein. 
This system we may represent by the following symbols : — 

HP ;;z=^ HP i^n^ H- + P' . (I) 

Bansmoid. Quinonoid. Ion. Quinonoid ion. 

Since phenolphthalein is a very weak acid, it is feebly dis- 
Bociated ; and consequently the quantity of quinonoid ions in 
the solution is too small to render the liquid visibly coloured. 
The absence of coloar proves also that the nndissociated 
molecules in solution are preponderantly benzenoid in stmc- 
ture; so that the greatest part of the material is present as 
nndissociated benzenoid phenolphthalein. 

When the indicator is added to sodium hydroxide solution, 
the foregoing equilibrium is disturbed; and two processes take 
place which lead concurrently to the same result One of 
these processes is purely ionic in nature; the other involves 
changes in the indicator molecule. 

Taking the ionic process first, it is evident that, as the 
sodium hydroxide solution contains sodium and bydroxyl ions, 
the following interaction will occur : — 

Na- + OH' + H- + F = Na- + F + H,0 
Since water is very feebly dissociated, this represents a pro- 
cedure by means of which hydrogen ions are being removed 
from the system ; and in consequence the equilibrium repre- 
sented in (I.) above is disturbed. In order to re-estaUisb 



D,g,l,..cbyGOOglC 



124 SOME PHYSICO-CHEMICAL THEMES 

equililniam, some of the quinonoid molecules in solntion must 
disBociate and give rise io a h«eh supply of quinonoid ions. 
But as has been made clear in the course of this chapter, this 
mechanism in itself would be unable to cause any deepening of 
the colour in the solution, since these quinonoid molecoles are 
already quite as strongly coloured as the ions to which they 
give rise. The real origin of the increase in the colunr-inteuaity 
is to be found in the next step, the conversion of benzenoid 
moleciiles into quinonoid ones in order to make up for the 
quinonoid molecules which have been dissociated into ions. 
Arguing by analogy from what is known of other equilibria 
among organic compounds, it seems doubtful if this purely 
ionic part of the mechanism represents the main process whi(^ 
makes indicators valuable. It appears much more probable 
that the second form in which the alkaU operates is the really 
crucial factor in the indicator problem ; and we must sow deal 
with it. 

In presence of alkali, the lactone ring of phenolphthalein 
is ruptured and the metallic salt of phenolphthalein is formed. 
Owing to the constitution of the compound, as has been shown 
earlier in this chapter, the opening of the ring necessitates the 
formation of the quinonoid grouping within the molecule; — 

HO— (T"^ f\--0^ HO-Y'^ f^^ 





and consequently the salt is coloured. This salt then dissociates 
into ions, of which the anion set are quinonoid in structure 
and impart their tint to the solution. If, instead of sodium 
hydroxide, a weak base were employed, its disrupting effect 
upon the lactone ring would be slower and feebler than that 
of the powerful caustic soda ; and in consequence the change 
from the benzenoid to the quinonoid form would be much 
slower and the value of the indicator in this case would be 
depreciated. 

In the event of an acid, such as hydrooldoric acid, being 
added to the alkaline solution of the indicator, the foregoing 
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processes are reversed. The hydrogen ions of the acid com- 
bine with the hjdroxyl ions in the solution, forming water 
and leaving free together the ions of sodimn and chlorina 
This removal of hydroxyl ions disturbs the egnilibrinm of the 
indicator and tends to shift the equilibrinm in (I.) &om right to 
left, since the hydrogen ions from the indicator now represent 
a surplus in the solution. Consequently, they tend to recom- 
bine with the quinonoid ions in order to form quinoDoid mole- 
cules; with the result that this section of the equilibrium is 
upset and a conversion of qninoniHd into benzenoid moleculee 
is produced. Again, the presence of mineral acids has been 
observed to produce the closing of lactonic rings ; so that the 
addition of hydrochloric acid to the solution tends to convert 
the open-chain form of the indicator into the cyclic structure, 
thereby destroying the colour of the compound. 

The foregoing considerations are sufficient to suggest certain 
practical points which arise in the use of indicators. Obviously 
if an indicator were stronger than the acid used in the titration, 
no colour-change could be expected at the moment of neutrality ; 
and, again, if tiie salt of the indicator with the base used were 
subject to great hydrolysis, no accurate end-point would be 
detectable, since an excess of the base would be required to 
drive back the hydrolysis of the salt and jnwluce colour-dhange 
in the indicator. The rules expressed in the following table, 
therefore, have to be observed if accuracy is to be attained : — 



SoInUrainwd 


1 
lQdiwtor:aaad. < Biunplea. 


Add. 


Bkw. 


8tBmg 

w4k 


Strong 
Strong 


Any . . . . Any. 

WMJdy „ . . PhenolphtlwleiD; litmus. 



Even when we are dealing with a single acid, the necessity 
for observing these roles makes its appearance. For example, 
in phosphoric acid there are three hydroxyl groups capable of 
acting as ionogenic centres ; but these three centres have not 
the same ionogenic power. When phosphoric acid is titrated with 
a base in presence of methyl-orange, it behaves like a monobasic 
acid; from which it may be inferred that only one of the 
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hydroxy! groups is sufficiently ionised to attack the indicator. 
On substituting phenolphthalein for methyl-orange, the acid 
behaves as though it were dibasic ; from which the obvious in- 
ference is that the second hydroxyl group, although unable to 
compete with the strongly acidic methyl-orange, is capable of a 
degree of dissomtion sufficient to cope with the feebler addity 
of phenol}^thalein. The third hydroxyl group of phosphoric 
add is supposed to be so weak in ionogenic power that salts 
formed from it are largely hydrolysed and hence QO sharp end- 
point can be detected in its case. 

4. OoTwiiMion. 

The mechanism of indicator action has been dealt with in 
some detail in the foregoing pages for more than one reasoa 
In the first place, it furnishes a good example of the co- 
operation between physical chemistry and organic chemistry 
and shows how valuable results may be attained by the 
application to a single problem of types of investigation drawn 
from both these fields. Neither physical chemistry nor 
organic chemistry alone could have given us the full explana- 
tion of indicators' properties ; bat each science has filled in 
the gaps left by the other in our complete knowledge. 

Secondly, it seemed advisable to deal with the matter at 
some length in view of the fact that in certain text-books which 
may fall into the hands of stadeuts, the accounts given of the 
chemistry of indicators are incomplete and in some cases 
actually misleading in a high degree. For examine, the 
following passage may be quoted: — 

" In many of these reactions " (of indicators) " changes ot 
structure, i.e., of valency and the arrangement of the atoms, 
may occur in the radical when it leaves the neutral molecule 
to form anion; this does not necessarily affect the above" 
(Ostwaldian) " theory of indicators." ' 

Brief as it is, this passage contains several statements which 
might mislead a student who derived his information about 
indicators from it aloua In the firat place, structural altera- 
tions in indicators do not take place merely in " many " cases, 
but in aU cases in which colour-change is observed. Secondly, 

' Partiiigtoi), TtxtAiooh of /norfumc Ch«nMlry, 1931, p. 363. 
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structural change and ioniaation are two entirely independent 
phenomena, in the sense that one of them can be observed 
when the other is absent. It is undesirable to say that 
structural changes " may occur in the radical when it leaves 
the neutral molecule to form an ion," since it appears to be very 
clearly estabUshed that the structural alteration takes place in 
the undissodated compound, as t^e behaviour of esters derived 
from the psendo-acids shows. Thirdly, it is surprising to find 
anyone maintaining at the present day that Ostwald's hypo- 
thesis is unaffected by the question of structural changes in 
the indicator itself. Ostwald's hypothesis is based upon the 
erroneous assumption that a colour-change is produced when 
a colourless salt or acid becomes ionised, an assumption which 
is in flat contradiction with all our experience up to the 
present. This colour-change ia the very root of the question : 
no colour-change, no indicator; and any hypothesis which 
is in error in the matter of the colour-change is obviously an 
incorrect attempt to solve the indicator problem. It is to be 
hoped that, in future, misapprehensions of this kind will dis- 
appear from text-books and that something more accurate will 
take their place. 
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CHAPTER VIII. 

NON-AQUEOUB lONISmO SOLVENTS. 

A. INTRODUCTOHT. 

Although aqueoas eolutions of salts are the commonest 
media in which electrolysis has been observed, this set of 
substances represents only a small group of the liquids which 
are capable of exhibiting marked conductivity. In 1801, 
Davy ' observed that fused nitre, caustic soda and caustic 
. potash were good conductors ; and the researches of Faraday ^ 
extended this list very considerably. At a later date it was 
found that not only fused salts but also solutions of salts in 
aon-aqueous morganic fluids were capable of conducting the 
electric current ; and further investigation of the field revealed 
that some organic solvents also possessed the same property. 
In the present chapter, it is not intended to deal with the con- 
duction of fused salts ; attention will be confined to the case of 
solutions with solvents other than water. 

Two sides of the problem present themselves at once : (1) 
the differences and resemblances exhibited by the interaction 
of two salts in water on the one hand and in a non-aqueous 
solvent on the other ; and (2) the influence which the nature 
of the solvent exerts upon the conducting power of the solution. 

In order to illustrate these points, the present chapter will 
be divided into sections. In the next section, a parallel will be 
drawn between reactions in aqueous solution and thoee which 
take place in liquid ammonia, as this last solvent has been very 
fully studied in this connection. In the succeeding section of 
the chapter an account will be given of Walden|s investigations 
of the relations between the chemical constitution and physical 
properties of the solvent on one htoid and the conducting power 

' DavjT, Joumala ofBogal ImatuHon, JSOZ, SS. 

• FumU;, ExftrimMtal Beitarehtt m BUetrid^, Vol. I., p. 110, 18S9. 
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observed when -salt is dissolved in it on the other. Later 
sections will deal with some other relations which have been 
detected. 

It is necessary to restrict this chapter to these two points, 
becanse a full treatment of the whole subject of non-aqueous 
solutiona would require a volume in itself. For fui-ther 
information, reference may be made to various papers dealing 
with the matter from different points of view.' 

B. Keactioks in Liquid Auhonia. 

1. Tht Properties of Liquid Ammonia. 

Liquid ammonia is a colourless, mobile substance boiling at 
approximately - 33° C, and having a density about 0*6 that of 
water. At - 77° C. it solidifies to white tnmsparent crystals. 

When the {ooperiies of this body are compared with those 
of water, many resemblances can be traced between the two 
substances. The boiling-point of ammonia is considerably 
lower than that of water ; but lies much nearer to it than do 
those of such substances as methane, hydrogen sulphide, or 
hydrochloric acid. On the other hand, the specific heat of 
liquid ammonia and the heat of fusion of the solid substance 
are greater than the corresponding constants for water and ice. 
The dielectric constant of liquid ammonia is about 20, which is 
suSBciently high to indicate that it is probably associated, like 
water. Its critical temperature is also comparatively high; 
and its critical pressure is the highest known with the exception 
of that of water. Its boiling-point elevation constant ' is the 

'CuT«n, Oaamtla, 1903, S3. L. 241 ; OentnerMner, Ziitteh. phytikal. 
Client., 1901, 39, 920 : Dntoit Mid Ii«vier, J. cltim. phy»., 190S, 3, 136 ; Jonea 
Ud Undrnj, Amer. Chtm. J.. 190 >, 88, 329 ; 'ones ud Carioll, ibid., 1904, 32. 
521; Kahlenberg ZeiticK physikal Chem., 1908, 46, 64; Kahlenberg and 
Sehlandt,/. PhytiwI CAetn., 1902, 6, 417; KaUenlierK and BuhoR, ifrtd., 1903, 
7, 2M ; Mathews, ibid., 19DS, 9. 641 ; Solilundt, ibid., 1901, 6. ICT : Walden 
and C«ntDer«iWflr Zeittch. physttal. Ch»m., 1901, 39, Bl < ; Ztiltch. anorgan. 
Chem., 19J2, 30, llSi Waldan, Znt»ch. phy$ikai. Chem., I'JOO, 26, S71 ; 190.S, 
43. 3SA ; 46, lOB ; 1905,64.199-, 1906.66.207,281,683; ZeiUeK Eieklroehem. , 
1905, 12. 77; T^ftur, (Md., 1906, 12, 7.^6; Jones, Bmgham and McMaaMr, 
Z»iUek. phytikal. Chem., 1906, 67. 193, 257 ; Jouei, IJndia; and CmtoII. ibid., 
G6,129; Bnehoar, ibid., 54, 66fi; Steele, McIctosQ and Anihibald, ibid., 66. 
129 ; lone* and Teaiej, ibid , 1906, Ql, 641. 

*FTwik]in and KrauB, Amer. Chm. J., 1900, 23. 23T ; 24. 88 ; J. Atfttr. 
Chem. Soe., 190S, 87, 191. 

9 



D,g,l,..cbyGOOglC 



ijo SOME PHYSICO-CHEMICAL THEMES 

lowest yet observed, being 3'4 aa compared Vith the 5'2 of 
water. In the table below are some figures which serve to 
show to what extent the two substances resemble each other : — 



Llqnld Ammania. Witra. 

- 77° 0. (r 0. 

- 88-P 0. + 100° 0. 



Uemng-poiat . 
BoDing- point 
8p«oiflo gravity at 30° G. . 
Oimokl tempwatDTfi 
OriUoal pnsatire 

liquid ammonia has the power o£ dissolving many aub- 
etsncea. Salts are not ao easily soluble in it as they are in 
water, but on the other hand it has a much greater power of 
dissolving carbon compounds than water shows. Further, it is 
a good ionising medium ; dilute solutions of substances in 
liquid ammonia are often better conductors than aqueous 
solutions of the same strength. ' 

2. Reactione between Inorganic Salts, Bases and Adds in 
Liqmd Ammonia Solutions. 

The fiist worker to direct attention to the fact that liquid 
ammonia might be utilised as a solvent appears to have been 
Qore,* who, in 1872, carried out some experiments in this 
direction. Franklin and his co-workers * have dealt very folly 
with this problem, and we shall devote the pages immediately 
following to an account of the results arrived at by them. 

In the first place, however, it will be convenient to give the 
classification of the salts which was proposed by Franklin.* 
He took as his starting-point the paralldism between water, 
oxygen bases and oxygen acids on the one hand, and ammonia 
metallic amides and acid amides on the other. The oxygenated 
bodies he termed hydro-salts, hydro-bases and hydro-acids ; 
while the corresponding ammonia derivatives were named 
ammono-salts, ammono-bases and ammono-acids. Thus potas- 
sium nitrate is a hydro-salt; sodium hydroxide is a hydro- 
base ; and acetic acid is a hydro-acid. Potassium acetamide, 
and sodium succinimide, are ammono-salts ; sodamide, lead 
imide and mercuric nitride are ammono-bases ; while acetttDude, 
carbamide and succinimide are ammono-acids. 
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In the present section the reactions between some hydro- 
salts in amnuHiia solution may be described ; and in the later 
sections an account will be given of the behaviour of the 
ammono-dass, which differs to some extent from that of the 
oxygen compounds. 

It was shown hy FrankUn and Kraua ' that when two 
inorganic salts are dissolved in liquid ammonia, the reaction 
between them may not follow the same course as it does in 
aqneous solution. The reason for Uiis lies, of course, in the 
fact that the solubility of salto is not the same in ammonia as 
in water. For instance, if sodium chloride be mixed with 
calcium nitrate in aqueous solution, no precipitation occurs : 
bat if the experiment be carried out in ammonia solution a 
preci[ntat« of calcium chloride is obtained — a reSult which 
could not possibly be produced in aqueous solution. 

As far as is known at present, metallic hydroxides are 
insoluble in liquid ammonia On the other hand, when acids 
are brought into ccmtact with that substance they fii^ unite 
with it to give ammonium salts, which are soluble and give addi, 
Bolutiona. It should be noted that liquid ammonia is not a 
basic substance ; so that when an acid is dissolved in it, the 
solution thus obtained has acid properties. This can be shown 
in the following way. Fhenolphthalein is dissolved in liquid 
ammonia and is coloured by the additi<m of a trace of alkaline 
hydroxide. On adding an acid to the ammonia, the colour is 
discharged, tJiough of course there ia a very large excess of 
liquid ammonia present. 

Again, just as a dilute solution of ammonium sulphate in 
water will dissolve magnesium, so a solution of an ammonium 
salt in hquid ammonia will dissolve sodium or magnesium, 
hydrogen being evolved in this case also. The equation of the 
reaction in the case of sodium and ammonium chloride is — 
Na, + 2NH,C1 - 2NaCl + 2NH, + H, 

Further, Divers had shown that such subetancee as sodium 
hydroxide were soluble in solutions of ammonium nitrate, though 
they are not soluble in liquid ammonia itself. Franklin* 
examined cases of ammonium salts other than the nitrate, and 
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found that the property is a general one. It thos appears that 
bases dissolve in ammonia solutions of ammoniam salts in a 
manner exactly analogous to the solution in acids of bases 
which are insoluble in water. Thus, as Franklin points out, 
the action must follow the course indicated below : — 

NaOH + NH,C1 - NaCl + H,0 + NH, 
CaO + 2NH,N0, - Ca(NO,), + H,0 + 2NH, 

3. The Reactions of Ammonosalts, AmTnono-basea and 
Amviono-acids in Liquid Ammonia Solution. 
If Home phenolphtbalein be dissolved in liquid ammonia, it 
is coloured red when a metal amide is added to the solution ; 
but the colour can be discharged by the addition of an acid 
amide. Thus if sodamide be allowed to react with acetamide 
in liquid ammonia, an ammono-salt, sodium acetamide, is formed 
in accordance with the following equations : — 

CHg . CO . NH, + NaNH, = CH, . CO . NHNa + NH, 
OH, . CO . NH, + 2NaNHj - OH, . CO . NNa, + 2NHj 

These reactions have been studied by Franklin and Stafford.' 

By analogy with the hydro-salts in aqueous solution, these 
ammono-salts should be good electrolytes. Franklin and Exaus * 
have tested this in the case of mercury succinimide : — 

CH, . CO^ XX) . CH, 

CH, . aV ^ \C0 . CH, 

and have found it to be the case. 

It will be remembered that some metallic hydroxides behave 
as if tiiey were slightly acidic. For exam[de, aluminium hydrox- 
ide disaolves in a solution of caustic potash, giving potassium 
aluminate. A similar class of substances has been discovered 
among tiie ammono-series ; for some metallic derivatives of am- 
monia, such as the silver, lead and aluminium compounds, dis- 
solve in excess of potassamide solution. 

Among the ammono-bases we class such substances as 
metallic amides, imides or nihides. These substances dissolve 
in liquid ammonia exactly in the same way as metaUic hydrox- 
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ides diesolve in- water. Fotaseomide ia especially soluble in 
ammonia ; and in consequence of this prop^y Franklin ^ has 
utilised that substance in the |Nreparation o£ a number of in- 
soluble metallic derivatives of ammonia by simply bringing 
tc^ther a soluble metallic salt and potassamide in ammonia 
solution. The doable decomposition takes place in a way per- 
fectly analogous to that which occurs in aqueous solution, and 
the required body is obtained as a precipitate. 

AgNO, + NHjK - AgNH, + KNO, 
Pb2N0, + 2NH,K - NHPb + 2KN0j + NH, 
SHgl, + 6NH,K = N,Hg, + 6KI + 4NH, 
The soluble metallic amides form solutions which are good 
electrolytes. 

The ammono-add group of substances includes a varied 
assortment of compounds. We have already mentioned some 
acid amides, and to these acid imides must be added. Further, 
while the nitrides of metaUic elements act as bases, it has been 
found that the non-metallic nitrides yield acids with liquid 
ammonia ; so that here the parallel between hydro-bodies and 
ammono- compounds is very close. Again, since the halogen 
derivatives of strongly electro-negative elements such as phos- 
phorus are hydrolysed by water, they are attacked also by 
liquid ammonia, giving rise to subetances analogous to the 
hydrolysis products, hydroxyl being re[daced by the ammonia 
group. The following equations will make the matter clear : — 
PCI, + 5NH, - NH r P. NH, + aNH,Cl 
SiCU + 8NH, - Si(NH,)4 + 4NH,C1 
B^, -I- 6NH, = B^NH), -n SNE^SH 
SiSBr, -^ 4NH, - SiS(NH,), + 2NH4Br 
Picramide must also be included in this category, as the ammono- 
analogae of picric acid : — 

HO . C,H,CNO,), NH, . C,H,(NO,), 

Piem bcid. Picramide. 

From the foregoing, the close alliance between reactions 

taking place in aqueous solution and those which occur in liquid 

. ammonia can be seen ; and in order to recall this parallelism, 

Franklin ' proposed the term a/mmonolytie as an analogue of 

' FMDkUu, /. Amer. Chrm. 80c., ISOfi, S7. SSa 
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h^AroV^jiM. For example, when bismuth chloride is dissolved 
in excess of water, hydrolysis takes place and bismutii oxy- 
chloride is formed. As a parallel ' to this, mercuric chloride, 
mercuric iodide and lead iodide when dissolved in liquid am- 
monia undergo a jvocess of ammottoJj/m, which, like hydroly- 
sis, is a reversible reaction : — 

HgCI, + 2NH, =* NH, . Hg . CI + NH,01 
2HgT, + 4NH, ;!*= Hg,N . I + 3NH,I 
2PbI, + 6NH, :^ (NH,)tPb, NH, . Pb . I + 3NH.I 
In these cases the ammono-basic salts : NHj.Hg.Cl, Pb(NH,)i ; 
NH,Pb.I and Hg,K . I appear as solid idiase«, jnst as bismuth 
oxychloride is precipitated ; and the solution of liie oxyohloride 
precipitate on the addition of acid here Suds its parallel in tiie 
solubility of the ammono-salts in excess of ammonium salt. 

C. Waldkn's Investigations. 
•1. GCTttfroi. 

The following table* shows the influence of the chemical 
constitution of solvents upon the conductivity of solutions. 
The fignree represent the values for /i,^ at 26° C. which were 
obtained for solutions of triethyt-sulpboDlum iodide, (CjH(),SI. 





TABLE I. 


Solwni. 


fKS 


Solwn*. 


Witor . . 


107-6 


JjU-pTopyl rioohol . 
Ijw-butyl (Joohol 


Hathjl alcohol . 
BthTlalooboI . 
Allj'l aloohol 


134-0 


M-0 


Beniyl aloobol 


83-0 


Jjo-unjl aJoohol . 
Trimetiyl carblnol . . 


»-piopyl »loohol 


26-0 



Examination of these results will reveal three points of interest. 
In the first place, the conductivity of triethyl-sulph<Hiium 
iodide is higher in a solution of methyl alcohol than it is in 
water ; which shows that in some cases organic solvente can 
yield solutions of marked cemducting power. Secondly, though 
in general the conducting power of the solution decreases as the 
number of carbon atoms in the solvent molecule increases, this 
is not without exceptions; for benzyl alcohol contains seven 
carbon atoms whilst tiimethyl carbinol has only four, yet the 

I Fnnklin Mid (kdy, /. AtMr. Ch»m. Boa., 1901, 26. 190. 
* Curam, OoiMUd, 1891, 2t, U, OOi. 
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former Bubstonce yields solutions of a higher conductivity. 
Finally, tiie formation of a hranched chain in a molecnle sp- 
poars to diminish the conducting power to some extent : normal 
propyl alcohol, CH, , CHj , CH, . OH, yields a solution with a 
conductivity fonr units higher than that of the isomeric iaty- 
propyl alcohol in which the chain is fcarked, (CH,)jCH . OH ; 
and a further forking of the chain again lowers the con< 
ducting power, as can be seen by comparing -wo-batyl alcohol, 
{CHjjOH . OHjOH, and trimethyl carbinol, (OH,),C . OH. 
Further data and references to the literatnre are to be found 
in a paper by Walden.* Many other classes of organic com- 
pounds had been examined before he began his work ; but to 
him we owe the moat complete investigation of the problem as 
a whole. 

Since inorganic salts, as a general rule, are not readily 
Boluble in organic solvents, Walden found it necessary to 
choose some compound which would give the required solutions 
and whii^ would also dissociate into ions. An organic acid 
suggesta itself at once to the mind ; but since some of the sol- 
vents were capable of forming salts with adds, this type of 
reagent had to be excluded, as otherwise the resnlU would not 
have been comparable throughout the series. Walden's choice 
finally fell upon tetra-ethyl-ammonium iodide, (OjHj)4N . I, 
which was soluble in all the solvents under investigation and 
which would act as a normal binary electrolyte. 

The selection of suitable solvents was the next consideration. 
In order to provide sufficient variety in chemical constitution, 
Walden examined about fifty compounds including alcohols, al- 
d^ydes, acids, anhydrides, acid halides, esters, amides, nitriles, 
thiocyanates, uo-thiocyanates, nitro-compouuds, nitrosaminee, 
aldoximes, ketones, sulphides and chlorohydrins. 

2. Conductivity, Dissociating Power and Dielectric Constant. 

Since the conducting power of an electrolyte is governed 
by the number of ions present in unit volume, by the charge 
carried by each ion and by the velocity with which the ions 
move through the solvent, it is necessary to consider the 
ease of organic solvents in relation to these factors. In order 

> Wftlden, Z«itteh. phyaikal. Ch#m., 1908, 46. 108. 
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to arrive at the relative number of ioDS present in unit 

volame of 8oluti<»i, the degree of diasociation ((> = v^ ) must 

be ascertained With regard to the second factor, since a 
single electrolyte, tetra-ethyl-ammoniQm iodide, is utilised 
throughout the series of experiments, the ionic charges are 
constant. The velocity with which the ions traverse the 
solution depends upon various influences which will be con- 
sidered later. For the present, attention may be concentrated 
upon the dissociating powers'of the various solvents. 

Thomson ' and Nerost * pointed out that if a dissociable 
compound were dissolved in a solvent having a high di- 
electoic constant it would be practically entirely dissociated, 
since the electrical forces uniting Uie atoms are thereby 
markedly reduced ; and from this the inference may be 
drawn that the dissociating power of a solvent goes hand 
in hand with its dielectric constant. In this way the con- 
ductivities of various solutions containing the same electrolyte 
will be governed to some extent by the dielectric constants 
of the various solvents used ; but since other factors besides 
dissociating power enter into the conductivity problem, no 
absolute agreement between the numerical values of con- 
ducting power and dielectric constant is to be expected : the 
most that can be looked for is a rough parallelism between 
the two properties. Further, the degree of dissociation under 
fixed conditions should also be connected with the value of 
the dielectric constant 

An examination of the figures ' given in the following 
table will show that there is justification for these assumptions. 
In the first column are shown the conductivities at infinite 
dilution of tetra-ethyl-ammonium iodide in various solvents; 
the second column contains the degree of dissociation, a, of 
the salt at a dilution of 1000 litres ; whilst in the third 
column the dielectric constants, e, of the various solvents 
are given. 

1 1. 3. TbonuoQ, PhU. Man., ^^Sa, 38, S20. 
■NeniBt, ZtUteh. phyaikal. Chem., 1694, 13, 6S1. 
• Woldeo, ibU., 1906, 64, 832, 189. 
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TABLE II. 







A^;- 


A,»» 


'■ 




CH,CHO 


21 
172 
336 
184 
180 
124 

96 
200 
120 


7 
72 
74 
77 
84 
S8 

90 
92 
98 


G-46 
16-6 
21 -9 
19-7 
311 
34-8 
88-9 
36-4 
40-4 
81-7 


Aoet7l chloride . 




Uethfl MO-thiocTUUkte 

Msthyl aJoohoI . 
Uetbyl thiocvanate . 







It will be Beea that the dielectric constants and the dis- 
Bociatiog powers of this group of compounds fall in preciBely 
the same order, though there is no nimierical relationship 
between the two quantities ; and this is sufficient to exhibit 
the influence of the dielectric constant of a liquid upon its 
power of decomposing a salt into ions. On the other hand, 
dielectric constant is evidently not a preponderant factor in 
the question of conducting power ; for inspection wUl show 
that the order of dielectric constant and the order of con- 
ductivities are in no way connected. While the dielectric 
constants regularly increase as we pass down the column, 
the conductivities waver up and down in an irregular manner. 

The next question which presents itself concerns the in- 
fluence of the chemical character of the Holvent upon the 
dissociating power. Walden,' from the results given above 
and others which it is unnecessary to reproduce here, deduces 
that the power of dissociation ia conferred upon solvents by 
the presence of the oxygen-containing radicles ; carboxyl, 
hydroxy! and carbonyl; by the cyanide, thiocyanate and 
i«o-thiocyanate groups ; and by nitro-, snlpho- and amido- 
groups. From an inspection of Table II., the relative in- 
fluences of these various radicles can be detected ; and it 
will be seen that the elements oxygen, nitrogen and sulphur 
have a marked eSect upon both dielectric constant and^dis- 
sodating power. In homologous series, Walden observed 



' Walden, ZMnih. sK^^aX. Chem,, 1906, 54, 218. 
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that an increase in the complexity of the hydrocarbon radicle 
was accompanied by a decrease in the power of dissociation.* 

An even more interesting problem is reached when the 
mutual influence of two groups upon one another is considered. 
Aa can be seen from the figures below,* the introduction of 
either a hydroxy! or a carbonyl group into the ethane mole- 
cule leads to a compound of marked dissociating power ; but 
when both carbonyl and hydroxyl radicles are introduced 
simultaneously, there is a very great falling oflT in dissociating 
capacity : — 

BHuiio. Ethjrl aloohol. Aceteldehjde. Aoatiaacld. 

CH,— C^H CH,— Cf-H CH,— of CH,~Cf 

\H \0H \H M)H 

InaulktoT. bmm •■ 7S per oeat m^^^^iA'^omlt. 0,^^-7 pec oent 

This influence is so powerful that it even makes its eflect 
noticeable in the values * of conductivities at infinite dilation, 
as can be seen from the following figuree : — 

a;. 
Ethyl alcohol CH,.CH,.OH 60 

Ethyl cyanide CH, . CH, . ON 166 

Lactonitrile CH, . CH(OH) . CN 40 

Here, although either the hydroxyl or the cyanide radicle 
can coexist with high conductivity, the simultaneooB intro- 
duction of both groups, aa in lactonitrile, leads to a lowering 
of the conductivity value below that exhibited by either of 
the simpler compounds. These results obviously recall the 
influences of residual affinity which were examined in Chapter 

n. . 

We must now turn to another method by means of which 
the degree of dissociation of a solute can be measured. Osmotic 
pressure is proportional to the number of particles present in 
a given volume of solution ; and it is found that ions act as 
though they were individual particles in this sense. If a 
salt is dissociable into n ions, and if the fraction of the total 

' See alflo Schlamp, ZvUeK pkytikal. Chtm., 1894, 14, 97a, uid 7oihb, 
ibid., 1899, 31. Hi. 

*Waldeii, ibid.. 1906, 61, IK, ■ Ibid., 92S. 
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molecoles present which decomposes into these ions is a, then 
if unit quantity of the subet&nce be considered, the number 
of undiaaociated molecoles present will be 1 - a ; and the 
Qomber of ions will be na : so that the total number of par- 
ticlee in solution will be 1 - a + na. This expresBion ob- 
viouslj represents the ratio between the nnmbar of particlea 
actuallj present in s(Jution and the nomber which would 
be present had no dissociation oocoired ; and to it van't 
Hoff gave the symbol i — 

■i — 1 - a -^ na 
whence it is clear that 

Now, in the case of tetra-ethyl-ammoniom iodide, since 
it gives rise to two ions, the value of n ia 2 and the ex[Hreaaioa 
becomoB a — i — 1. The value of i can be obtained by 
comparing the calctdated molecular weight in solution witii 
Uiat actually found in experiments ; so that in this way it 
is possible to ascertain the degree of dissociation apart from 
conductivity measurements. 

The determination of the molecular weight in solution 
can, of course, be carried out in various ways; hut in the 
actual investigation under consideration several factors are 
present which restrict the choice. For example, the usual 
cryoaoopic method is excluded owing to the fact that many 
of the solvents used have extremely low freezing-points. Even 
' if the ebullioecopic method is employed, the number of solvents 
which can be utilised is limited by the fact that the boiling- 
point must not be so high as to risk a thermolytic dissociation 
of the (etra-ethyUammonium iodide into tiiethylamine and 
ethyl iodide ; and a further limitation is imposed hy the 
desirability of making the measurements at temperatures not 
too far removed from 26°, at which the conductivity deter- 
minations were carried out. 

Confined by these restrictions, Walden > limited his ex- 
amination to the following solvents: methyl alcohol, ethyl 
alcohol, acetonitrile, proponitrile, nitromethane and methyl 
thiocyanate. 

< Wftldoi, Z«iUeh. phynhal. Chem., 1906, 66. 381. 
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On compariDg the valaee of i obtained respectively by the 
conductivity and the ebullioscopic method, a general agreement 
was found between them; but this agreement never readied 
absolute identity. The character of the solvent appeared to 
influence the deviation between the two values. In the ease 
of the alcohols, the ebullioscopic value of i is smaller than 
that deduced from conductivity measurements ; and the dis- 
crepancy between the two figures increases with the concentra- 
tion of the solution and is greater in higher membeni of a 
homologous series than it is among the less complex ones. 
According to Walden, the lower value of the osmotic t is in- 
fluenced by the power of association not only of the solvent 
bat also of the solute : the greater the associating power of 
the solvent and the greater its mass in proportion to that of 
the solute, the less the solute is associated and hence the closer 
together the two valu^ of % are found to lie. With the 
nitriles, it is found that the conductivity and boiling-point 
methods yield practically identical i- values \ and nitromethane 
also gives good agreement The most curious case is furnished 
by methyl thiocyanate. The conductivity results prove that 
the solute is highly dissociated in this solvent; but the boiling- 
point of the solution is actually slightly lower than that of 
the pure solvent — an anomaly which still awaits explanation. 

3. Conductivity and Viscosity. 

Since the conductivity of a solution depends partly upon 
the velocity of the ions within the liquid, it is evident t^at 
any friction encountered by these ions in their paths will 
affect the conducting power of the solution to an appreciable 
extent. Viscosity measurements allow us to gain an insight 
into the internal friction within a liquid; and it is therefore 
clear that farther informalaon upon the factors governing con- 
ductivity in organic solvents can be obtained by an investiga- 
tion of the viscosities of the solveota The following table 
gives some of the results.^ In the first column the figures 
represent the viscosity of the pure solvents at 25' C. ; and 
it may be noted in passing that Walden treats this value as 
that of an infinitely dilute solution of tetra-ethyl-ammonium 

'Woldeti, Ztittck-phviiial. Chtm., 1906, £6. 807. 
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iodide in the s(^veiit. The second colomn contains the con- 
ductivities at infinite dilation of tetra-ethyl-ammouiam iodide 
in the various solvents. The third colmun givea the pro- 
duct of the oonesponding figures in the first two columns. 
TABLB in. 













"to- 






Aoetyl ofaloride 


O-OOSST 


173 


0-666 




0-oosie 




0-711 


MethyUlcobol . . . 


OflOMO 


IM 


0-719 




0-00719 


90 


0-690 










NitromBthane 


0iXBI9 


190 


0-743 


WatOT 


0-00691 


iia-5 


1-00 



An examination of the corresponding figures in the firat 
two columns will show that high viscosity goes hand in hand 
with low conductivity and vvx vtrsA as theory demands. 
Inspection of the figures in the last cdomn brings to light 
the fact that in general they approximate to 0*7 ; and all the 
results obtained by Walden in an investigation of some thirty 
substances point to the same value for the product of the 
viscosity and the conductivity at infinite dilution, provided 
that tetra-ethyl-ammonium iodide be used as the electrolyte 
throughout the series. 

It seems justifiable, therefore, to assume that the expression 
^* X A^ - 07 is approximately correct for this electrolyte, 
since it has been shown to hold good in ranges between 
A„ = 8 and A„ - 225. Further, if ij' and V' b« the viscosities 
of two eolventfi and A' and A" be the corresponding con- 
dactivitiee of the solutions which they yield with a common 
electrolyte, then • 

A' «" 



A" 



0-7 



Finally, the expression A„ - zs allows us to calculate the 

viscosity of the solvent from the conductivity at infinite 
dilutdon of a solution ctmtaining tetra-ethyl-ammonium iodide 
as a solute. 

* Than kppcan to be a mlq^t in Waldan'i p»par t\ tbii point (p. 246). 
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Fron) an examination of temperatare coefficients of viscoeity 
on the one hand and of condactivity on the other, Walden 
deduced that these two valaee are practically identical f<n: 
any given solvent ; and this leads to the conclDsion that tiie 
i^Ib 7a ^ '^* - 0*7 is not confined to any particular tempera- 
tore bat wiU hold good throughout a range. By measure- 
ments at zero, he was able to confirm this idea. 

A highly important theoretical deduction was drawn by 
Walden £rom tiiese results. According to jarevious hypotheses, 
as was mentioned above, ionic velocity was aasumed to be de- 
pendent upon ionic friction. Walden's results show, however, 
Ihat for each solvent there is a characteristic ionic velocity — 
i.e., that the governing factor is the nature of the BolveiU. 
This suggests that the only friction concerned in ionic migra- 
tions ie a fiiction between solvent molecules. As Walden 
points out, this implies that each solute ion is anrrounded by 
a coating of solvent molecules and that the whole associated 
complex suffers a friction which is practically indistinguishable 
from that which exists between particles of the solvent alone. 

4. Solvent Power and Seat of Solution. 

In pursuance of his plan, Walden ' next examined the 
solvent power of the various liquids with which he had pre- 
viously deal^ measuring solvent power by the solubility of 
tetra-ethyl-ammoninm iodide in the solvent under consideration. 

As was to be expected, the solubilities observed varied 
greatly among themselves, running from 35*5 to 0*0004 parts 
by weight of solute per 100 cc of solvent In every case, the 
temperature coefficient of solubility was positive, i.e., the 
solubility increased with rise in temperature ; and in the case 
of solvents containing hydroxyl groups, which are most 
associated, the temperature coefficients were greatest Between 
the association factcn: for the solvent and the solubility of tetra- 
ethyl-ammonium iodide, only a purely qualitative relation could 
be traced ; though, as might have been anticipated, the solute 
dissolved moet readily in the solvents with highest association 
oonstants. Since the formation of ions increases the solubility 
of a salt, it might have been predicted that solvents with high 

> Wklden, Ztitteh. pliytilcal. Ctom., 1906, 66. 688. 
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dielectric conatant — and therefore great ionising pover — would 
yield the most ooocentrated solationB ; and as a general role 
this appeared to be the case, thoogh there are certain exceptions 
to it in the case of solvents capable of taotomeric change. 

When the problem of the degree of diflsociation of a single 
solnte dissolved in Taiions media is examined, Walden's resolts ' 
lead to a deduction of great theoretical and practical importance. 

He fonnd that in practically every case examined by him, 
BolutioQB saturated with tetra-ethyl- ammonium iodide at 26° C. 
had the same d^ree of dissociation : — 



In other words, for the given electrolyte the point of saturation 
is readied in each solvent when each of the solations has the 
same degree of dissociation. 

Elxi««8sing this in symbolical form : — 

A' A" 

whence ^-^ or A' - -^ 

A A, A. 

or, restating the matter in other words : the molecular conduc- 
tivities A' and A" of two saturated solutions of the same 
electndyte in different solvents are in the ratio of the valnes 
of the limiting conductivities A^ and A^ . 

Now, in the case of tetra-ethyl-ammouiam iodide, it has 
already been established that A^i;^ - ^LML ~ 0'7, so that 



A' 



. 5a 



from whiidi it is obvious that the molecular conductivities of 
two saturated solutions of the same electrolyte are inversely 
proportional to the viscosities of the pure solvents. 

The practical bearing of this hes in the fact that we are 
now able to calculate the molecular conductivity of a saturated 
solution of an electrolyte in a solvent A, provided that we 
know the conductivity of the electrolyte in a saturated solution 

> Waldu), £r«t(HA. pAj/HfeoI. CA«m., 1906, 6S. 706. 
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of aolvent B, as well as the viscoaitdee of the two solventa, 
since this leaves only one unknown in the equation : — 

^« 
In order to test the value of this method, Walden calculated a 
number of conductivities and compared the results with the 
actual experimental figures. In a series of ten cases,^ the 
highest deviation was about 5 per cent, which seems a remark- 
able agreement. 

From the foregoing evidence, it is clear that there is in 
some respects a close parallelism between water and many 
organic solvents ; and it is natural to inquire whether any 
further resemblances can be detected. The phenomena of 
heats of solution su^^t themselves for investigation ; and it 
was to them that Walden' next tnraed his attention. 

It may be recalled that in the case of a non-dissociated 
solute, if (7 be the concentration, T the absolute temperature, 
R the gas constant and q the heat of solution, the following 
expression holds good : — 



In order to make this applicable to electrolytes, it is necessary 
to introduce into it van't Hoffs factor i, so that it becomes — 

d log iO q 
~~dT ifi?" 

The correctness of this equation has been demonstrated practic- 
ally by Noyes and Sammet^ in the case of inorganic salts 
dissolved in water ; and Walden proceeded to apply it to the 
case of the iodides of tetra-ethyl- and tetra-propyl-ammonium 
iodide in orf^anic solvents. 

The results obtained by him proved that van't Hoffs 
equation applied equally well to organic solvents; which 
establishes a further parallelism between aqueous and non- 
aqueous ionising media. Further, Walden showed that when 

1 Walden, Zeiltch. phj/iikal. Chtm., 1906, K, 706. 

*Ibid., 1907, 68. i'JS i SO, 193. 

■Noyes and Sunmrt, Md, 1908, 43t BIS. 
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a scdnte absorbe heat in tlie process of aolation ite solubility 
inereaMS with lise in temperatnrfl : a result which was to be 
expected from Le Chatelier'a theorem.' 



5. B^ractimty and Molecular Solution Volume. 

In the hope of detecting a relationship between the molec- 
nlar reh«ction and the degree of diasodatioD of a salt when 
diasolred in an i^ganic solvent, Walden* examined nameroas 
flolationa of tetra-ethyl-ammoniom iodide. Since the iodine 
ion has a refractive power of 166 whilst the refractivity of 
the an-iomsed iodine atom is only 14'12, it was to be expected 
that two resolts might be looked for. In the first place in- 
ereaae in dissociation shoald prodnoe greater refractive power 
in the salt ; so that when several solutions in the same solvent 
but with different dilutions are investigated, it might be 
anticipated that there would be a steady rise in the re&activity 
of the solute as the dilution increased, owing to Uie greater ion- 
isation occurring in dilute solutions. Secondly, comparison 
between two solntions of Uie same strength might have been 
expected to bring out difierences in refractive power ; for the 
solvent with the greater dissociating power should confer 
higher refractivity upoa the solute, since a greater number of 
ions will be formed in the solution. 

The actual experiments showed that these expectations were 
not fulfilled. Instead of an increase in the refractive power 
of the iodide on dilation, there was, in the majority of cases, 
an actual diminution of molecular refraction on passing from 
the concentrated to the dilute solutions. The second factor in 
the problem also failed to give the expected results, for whether 
the dissociating power of the solvent be gauged by the con- 
ductivity results or by the dielectric constant, there is no 
paraUelism between it and the molecnlar refractive power of 
the s(dnte. The following table will serve to give some idea of 
the type of differences which were observed : — 

1 Xm ChateUer, Compt. rtnd., 1880, 100. 60, Ml. 
' Waldsn, Z»itteh. phytikal. Chem., 1907, GO. BBC. 
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TABLB IV. 





V. 


CBJ- 


' 


•■ 


Uetbyl aloohol . . 


I 


8-Sl 
19 ■» 


68-98 
68-63 


0-886 
0-626 


84-8 








61« 
61 -43 


0*86 
0'66 


86-9 




■ 


8-li7 
1714 


60-34 
60-80 


0-406 
0-669 


B6-4 




• 1 


lO-SS 


69-91 
69-86 


0-47! 
0-663 


40-4 




■1 


fi-l« 


68-88 








UHSS 


68-85 


0-734 





Here V repreeenta the volmne of solvent [Bl] ia the molecolat 
re&aetion of the solute calculated according to the Lorenz- 
Lorentz ffnmula, a ie the degree of diBsociation ascertained 
from conductivity measurements, and e is the dielectric constant 
of the solvent. 

Examination of the figures will show that there is little or 
DO change in the molecular refractivity with chaage of dilation ; 
but that when the solvent is varied while all other conditions 
are kept constant, there is a marked alteration in refractive 
power. For example, at a dilution V — 6-14, there is a whole 
unit of difierence between tiie re&activilies in nitromethane 
and in water. 

Since Watden was endeavonring to throw light upon the 
behaviour of organic solvents &om as many points as possible, 
it was natural that he should endeavour to discover some other 
property which varied in parallel with the molecnlar re- 
fractivity of the solute. In other words, he began to seek for 
some solute property which varies but slightly on dilution bat 
which is markedly infinenced by alteration in the solvent. 
This property he found in molecular solution volume ; and it 
may be well to make the meaning of this term clear before 
proceeding further. 

When a solute is dissolved in a solvent, a change of total 
volume often occurs, so that the bulk of Uie solution is either 
greater or less than Uie sum of the separate balks of sol- 
vent and solute before mixing took place. This change in 
volume is probably made up of two factors, one depending on 
the alteration in t}ie bulk of the solvent and the other on the 
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change in that of tiie solabe ; since solvent and solnte most be 
supposed to affect each other reciprocally. But under these 
coDditions calculation would be impoesible ; and it is usual to 
aasuiae that the chan^ in Tolume occura mainly in the solute 
and thftt the alteration in hulk of the solvent is negligible. In 
practice, this aaanmption is found to open the way to the fairly 
accorate calculation of the change of volume when solute and 
solvent are mixed ; so that, although strictly speaking incorrect, 
it ifi a good working hypothesis. 

Now let d be the density of the solution ; do the density of 
the solvent; M the molecular weight of the solute; m the 
number of molecnles of the solute present in a litre of solution ; 
Y the number of litres is which one gramme molecule of the 
Bolate is dissolved ; and ^ the molecular volume of the solute 
before dissolution. (It is evident that m - 1 / V.) 

Take the case of one litre of solution for consideratioQ. 
Before mixing took place, it is evident that tiiere roust have 

been present m^ cc. of solute and - ■ ■ - ; c.c. of solvent; 

and since the final volume of the solution after mixing 
is 1000 C.C., it is .obvious that the total contraction due to 
mixing is represented by — 

(m^ - m-^) - I -J + m^ - 1000) cc. 

where m^ is the volume of the solute before the solution and 
m^ is its volume after solution has taken place — i.e., the mo- 
lecular solution volume of the solute under the conditions of 
experiment. 

Rearranging the equation and substituting 1/V for m, we 
obtun the following : — 

which provides a form of exjH-ession convenient for application 
in practice since all the factors are readily measureable. 

On determining the molecular solution volumes of tetra^ 
ethyl-ammonium iodide at various dilutions in different sol- 
vents, Walden observed that in the same aolvent, dilution had 
but little infiaence upon the volume of the solute. Thus when 
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ODe gramme molecnle of tebra-eth^-anunooinm iodide is dis- 
solved in 5*142 litres of nitromethaue the molecular solution 
volume is 174-39 ce., whilst in 20-670 litres it is 172-3 c.c. On 
the other hand, the substitation of one solvent for another 
produces a marked change in the molecular solution volume ; 
for at the same conoentration (V -> 5142) the values in water 
and in uitromethane are respectively 186*32 and 174*39. 
The following table gives some of tjie results observed by 
Walden;— 

Ti3I.E V. 







V. 


[BJ- 


♦■ 


Aostonitfile 

HoUiyl tbiooyaiMt« . 

SSJ : : : ; 


#. 


e-BTO 
6-0« 


eo-M 

61-SB 
B9-91 
63-67 

68-88 


181-00 
16909 
17*-89 
18049 
1B6-S2 



From these figures it will be seen that the molecular refrac- 
tivity of the solute, [Rj, varies inversely as the molecular 
solution volume, "if, though there is no direct numerical re- 
lation between tiie two values. 

Walden also calculated the co-volumea of the pure solvents 
and found that, in general, the solute's molecular refractivity 
increases with the co-volume of the solvent ; but as there Is 
uncertainty about the exact values of some co-volumes, it is 
unnecessary to give examples of this relation here. 

6. EUct^mt'nAi^an. 

In bifl next series of investigations, Walden ' was drawn 
into a further examination of volume relations ; but before 
deahng with his results it will be best to give a short account 
of the phenomena observed in aqueous solutions, in order to 
provide a standard of comparison. 

As has been seen in the last section, molecular volume and 
molecular solution volume are not interchangeable terms; for 
when a substance is dissolved in a solvent, ita volume generally 
suffers a coobrsction, so that the molecular solution volame 
is leas than the ordinary molecular volume which it occupies in 

> WkUbd, ZaitA. pl^iiftol. CA«m., 1907, 00. 101. 



D,g,l,..cbyGOOglC 



NON-AQUEOUS IONISING SOLVENTS 149 

the pore state. Working mainly with aqneoufl solatioos 
Tranbe ^ foand (1) that molecular volume ia an additive pro- 
perty — i.e., it can be calculated by emnmation of the volnme 
constants of the variouB atoms in the molecule ; (2) that with 
increase of dilation there is a diminution of molecular volume ; 
and (3) that nnder fixed conditions of temperature, all ions 
have the same effect on molecular volmne; and (4) that in 
different eolvents this infiaenoe varies directly with the dis- 
sodating power oE the solvent. 

In order to account for these phenomena, Traube assumed 
that they were due to osmotic pressure ; Drude and Nemat,* 
on the other hand, preferred to regard the oontraction as being 
caused by the elec^xMtatic fields produced by the {absence of 
ions in the solution ; and they therefore christened the [^eno- 
menon electroxtriction. 

When the molecular solution volume of a feeble, non-ionised 
acid is compared at 15° C. with the volume of ite completely 
ionised sodium salt, a contraction 15 cc. is observed in passing 
from the add to the salt Kow the contraction due to the 
replacement of hydrogen by sodium is found ezperimentally 
to be 1*5 CO., so there remains to be accoonted for a contraction 
of I3'5 cc. Since this value, I3'5 c.c, is always obtained no 
matter what binary electrolyte is employed, it seems clear that 
it is attributable to the dissociation of the electrolyte into its 
ions and not to any specific characteristic of the electrolyte 
itself. 

Id order to calculate the electrostriction (molecular con- 
traction) of a completely dissociated electrolyte in a given 
solvent, it is necessary to ascertain the molecular solution 
volume and the degree of dissociation of the solute at two 
different concentrations in this solvent and then apply the 
following formula : — 



For ezamfde, in methyl alcoholic solution, tetra-ethyl-ammonium 
iodide yif^ds these results : — 

■Tiube, B*r., 189S, 2Si 3989 i IB94, 27. SITT; ZtUieh. anorgan. Chem., 
1898,3,11; less, 81 69; andTnoba, Utber dm Baum von Atomt, IBSO. 
• Drade and Nenat, ZMlteh. phi/nlial. Cfttm., 1894, 16, V9. 
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Ona gr. mol. ult in ^. 

a-«8 litres 167-8 



0-660 



wu ^1 - -^t 1673 - 162-8 ... 

^^«"*^ \^ = 0665-0-356 " ^*-« 

By calculatiog in this manner, the following results are 
obtftined : — 

TABLE VI. 

Eleotra- 

Uethyl aloohol 14« 

Nitromethana 13-8 

Aoetonitrile 10*7 

Propionitrile li-9 

Hetliyl tbioojuuta IS-S 

Glycol 12-0 

Bearing in mind the ernn-s which may creep into the measure- 
ments of density and conductivity, the deviations of these 
figures from a mean value 1300 are not remarkable; and 
Walden concluded that the electrostriotioo (molecular con- 
traction) for the given electrolyte, tetra-ethyl-ammonium 
iodide, is in general independent of the nature of the solvent 
medium and is approximately 13-00 ac. at 25° C. 

This value 13*00 is, however, practically the same as that 
found by Traube (12-5 - 13'5 c.c) in the case of aqueous 
solutions of binary electrolytes ; so that here again there is a 
close parallelism in the behaviours of aqueous and non-aqueous 
solvents. 

7, Solvent Power and Dielectric Constant 
In a previous section, the influence of a high dielectric con- 
stant in a solvent upon that solvent's dissociating power was 
touched upon ; but Uie matter may now be 'considered in more 
detail from a different point of view, Ifthe equilibrium between 
a solid salt, ite undissociated molecules in solution and the ions 
into which it breaks up be represented thus : — 

Solid salt ^ IKssolved molecules ^^ Ions 
it is evident that any influence tending to increase the number 
of ions in solution will conduce to the dis8oluti(m of more solid 
salt. Thus if a single eleclaxilyte be dissolved in two solvents 
of different dielectric constant, the probability is (Reaving all 
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other factors oat of consideration) that the electrolyte will show 
greater solubility in the solvent having the higher dielectric 
constant. 

It ia of interest to discover whether this influence of the di- 
electric constant is a predominating one or whether it is masked 
by other factors in the problem. Walden * has supplied certain 
data which allow us to come to a conclusion on the point. 

The problem is by no means so simple as it appears at first 
sight; for when we speak of "dielectric constant" it must be 
remembered that for the sake of strict accuracy the wave-length 
of the electrical vibrations ought to be given, just as in the case 
dt refractive index it is neoessary to mention the wave-length 
of light which was employed in the measurements. Again, 
just as molecular refractivity varies with temperature, so the 
results of dielectric constant determinations depend to some 
extent upon the temperature at which they are carried out. 
Finally, the electrical spectrum of a certain class of substances 
— hydroxyl derivatives — exhibits "anomalous electrical ab- 
sorption " in a manner parallel to the selective light-absorbing 
power shown by coloured materials. All these factors make it 
difficult to find a satisfactory value for this " constant". De- 
spite these difficulties, however, Walden was able to detect a 
most curious relation between solvent power and the dielectric 
constant, a relationship which appears to be perfectly general, 
since the solvents examined by him vary widely in chemical 
character from one another. 

In Table VII,, the first column of figures represents the 
solubilities of tetra-ethyl-ammonium iodide in various solvents, 
the values being expressed in molecular percentages. The 
second column contains the various wave-lengths of the 
electrical vibrations used in determining the dielectric constant, 
expressed in centimetres; and the sign ec ia employed to re- 
present waves of infinite length. The third column gives the 
value of e, the dielectric constant deduced from observations 
with this wave-length. The last column contains the value of 
the ex[»?ession eS'* or, where two sets of figures are given for 
e, the mean of the eS"^ value derived from them. The symbol 
S repreaente solubility. 

' Waidni, Zfilwh. ^tikei. OKm., 1908. n, 6SB. 
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TABLE VII. 
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Wan- 




, 




length. 


*■ 


'm 




o«»e9 


/ 78 
\1200 


6-8\ 


MS 


Aoetone . 


o-OTie 


ao-7| 

21-88/ 


01-a 


BeDiomtrile . . 


01818 






iB-9 




03136 


76 


27-a 






fr6176 


81 




43-8 


NitromethanB 


1-168 






«-o 


Wftter . 


3-818 


riaoo 


78-9a' 
77-90/ 


60-S 



EzamtDation of these figores brings out at once the close 
parallelism between the solubility and the dielectric constant ; 
the low solubility of tiie iodide in bromobenzene (0 "00369) finds 
its parallel in the low dielectric constant (5-3 - 9'8J ; whilst at 
the other end of the series lies water with a solvent power a 
thotuand times as great (3-318) and a high dielectric c(nistaut 
(74-78). 

When a compariaon is made between the dielectric constant 
and the cube root of the solubility, an even more direct c<m- 
nection between the two can be deduced. The figores in Uie 
last column represent the ratio U^ : c ; and it will be seen that 
they all approximate closely to a mean value of 48. Thus if e 
and e' be the dielectric constants of two solvents and S and S' 
be their solvent powers, the foUowing expression holds good 
with a very fair degree of approximation : — ■ 



IS. 



constant (approx. 48) 



When it is remembered that for the thirteen solvents described 
by Walden the solvent power vanes between values standing to 
one another in the ratio of 1 : 1000 ; and when in addition the 
uncertainties attending upon the evaluation of the dielectric 
constant are borne in mind; it must be admitted that the 
agreement among the figures in the final column is much cloeer 
than could be expected from any purely fortuitous result. 
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D. Some otheb Relationships. 
1. Abnormal Cases. 

In previous sections of this chapter, many resemblances 
between water and other liquids have been described ; but any 
account of the subject would be incomplete if attention were 
not drawn to sundry dive^nces from tiie normal which have 
been observed in the case of non-aqueous solvents. 

It has been pointed out above that, in general, solutions of 
electrolytes in organic solvents behave like aqueous solutions, in 
that their molecular conductivities increase with dilution. An 
exception to this rule is found, however, in the cases of ethyl 
ether, (C,Hj),0, and »>o-amyl alcohol, (CH,),CH . CH,CH,OH ; 
for when hydrochloric acid is dissolved in either of these, the 
B(dution diminishes in molecular conductivity either on dilution 
or when the temperature is raised.^ The same type of ab- 
nmmality on dilation is found in solutions of electrolytes dis- 
sdved in liquid hydrochloric, hydrobromic and hydriodic adds 
and also when the solvent is liquid hydrogen sulphide, as 
Archibald and Mcintosh have observed. Here, as in the case 
of liquid ammonia, the liquefied gas shows very feeble conduc- 
tivity until an electrolyte is dissolved in it. 

The employment of inorganic liquids as solvents for electro- 
I3rte8 was investigated by Walden.^ He observed that the 
dissociating power of the solvent depends upon its chemical 
diaracter, as the following list shows : — 



It will be seen &om the above data tiiat there is no direct 
connection between the valency exerted by the main atom in 
tiw compound and the dissociatiog power, since on the one hand 
trivalent antimony is a better dissociat(n' than quinquevalent 
antim<my; but on the other hand quinquevalent pfaoephoms 
has a greater dissociating power than trivalent phosphorus. 
Nor has the introduction of an extra atom of oxygen any 
predictable influence, since the passage from SO, to SO, 

iKftbinkofl, Ztitich.phi/nkal. Chttn., 1689, 4. 181-2. 
* Wklden, ZmUeh. anorgan. Cftm., 1900, 86. 309 ; 1903, 89, 871 ; Z»it*ch. 
fhytiiol. Ohem., 1903, 39, 217. 
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correspoDcIs to a decrease in dissociating capacity whilst the 
contrary is fonad iu passing from PClt to POOI,. 

In connection with these inorganic solvents, another point ' 
may be mentioned, which is certainly striking. In the case of 
conducting solutions it is normally necessary to use as a solute 
some compound which is addic, basic or s^t-like in its char- 
acter; for substances such as sugar, which belongs to none 
of these classes, do not conduct the current when dissolved 
in water. When, however, tin, sulphur, phoephorus, arsenic, 
antimony, chlorine, bromine or iodine are dissolved in solvents 
such as liquid sulphur dioxide or arsenic trichloride it is found 
that the solutions have a marked conductivity. If it be assumed, 
as usual, that only ions can carry the coireut, then what ions 
can be expected from the dissociation of a chlorine molecule, 
unless it be postulated that chlorine is made up of positive and 
negative atoms ? ' But if this postulate were granted, it is 
difficult to see why all the chlorine in sodium chloride appears 
at the anode on electrolysis. Walden terms " abnormal electro- 
lytes," the subetaaces shown by him, to have this peculiarity. 

In connection vrith the influence of chemical character upon 
dissociating power, a curious point comes to light when the 
following solvents are considered: — 

HydiooTftDio add H . ON H . OH Water 

Oyuiogett NO . ON HO . OH Hydrogen peioside 

Liquid hydrocyanic acid is found to have a greater dissociating 
power than water itself*; but when the hydrogen atom is re- 
placed by the — CN radicle to form cyanogen, the latter is found 
to have only feeble ' dissociating powers. On the other hand, 
when the hydrogen atom of water is replaced by a hydroxyl 
radide to produce hydrogen peroxide f there is an increase in 
dissociating power. ^ The abnormality of these reeulbs will be 
apparent if it be remembered that both — OH and — CN groups 
act 08 anions when ionised ; so that their electrical characters 
are similar ; and yet in this case they produce opposed effects. 

' W&ldeQ, Ztilsch. physikal. Chsm., 1903, 43, 835. 

< Compare J. J, Thomson *> work on hydrogen (JTatur*, 1899, 62, 4C1). 

■CentnerBEwer, Znlach. physikal. Chem., 1903, 39, 917. 

* Jones, Bamas »nd Hyde, Amer. Chem. J., 1903, 27, SS. 

* Ila dieleotrio oonitant, 96, is also higher thku thftt of mtei, 81-7. 

-f Hera aln the dieleotrio ooiuttJit i» inoiMBed by the lubslitntian, tor the 
value for water is 81-7 while tbat ot hj'drogen peroxide is 98. 
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2. Mixed Solvents. 

HitKerto in this chftpter attention has been confined to the 
eases in which the aolventa were homogeneous materials ; bat 
before concluding, it will be advisable to deal briefly with some 
examples wherein an electrolyte is dissolved in a mixture of 
two misdble fluids ; for under these circumstances certain 
j^enomena have been observed which throw light upon the 
processes in operation in solutions. Before entering upon 
concrete cases, however, it will be best to deal with certain 
governing factors in the problem. 

The researches of Dutoit and Aston ' showed that a con- 
necUon can be traced between the dissociating power of a solvent 
and the degree in which the solvent molecules are associated 
into complexes. The relation between molecular association 
and dissociating power is not a rigid one ; but it is present in a 
number of cases sufficient to make it worth taking into account 
in any interpretation of conductivity phenomena. The as- 
sumption is made that if a Uquid has the power of gathering 
together its own molecules into large complex groups it will- 
have, at the same time, the power of attracting to these groups 
the ions of a solute ; and that this process of attraction will 
result in the decomposition of the solute molecule into ions. 
On these premises, therefore, it is necessary to consider the 
dissociation of an electrolyte as consisting of two processes : 

(1) the break-up of the electrolyte's molecule into ions ; and 

(2) the attachment of these ions to large complexes of solvent 
molecules. 

Now suppose that a second solvent be introduced, which is 
■also capable of a high degree of association. It is evident that 
it also will tend to form molecular Comdexes; but, further, 
that there will be a competition between the two solvents. 
For if Solvent I. be capable of tearing down molecules to form 
ions, it will be equally capable of tearing apart the complexes 
of Solvent IL 

The influence of these hypothetical processes upon the con- 
ductivity of a solution thus produced would obviously be two- 
fold. In the first place, since the two solvents are mutually 
engaged in destroying each other's complexes, the solvent 

■ DDtoU And ABtOQ, Comft. rtnd., 1697, 12S, 34a 
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mixture aa a whole will show leBa molecular oomplexitj than 
either solvent separately ; and hence it will have leaa dissociating 
power : so that the net result will be the formation of fewer 
ions in the solution than would be prodnoed in either of the 
pure solvents. Secondly, since the solvent complexes in the 
mixed solution are smaller than those in the pure solvents, and 
since it was assumed that each ion was associated with a 
comjdex, it is evident that the ions in Uie mixed solvents will 
be less impeded in their movemente by friction within the 
solution than would be the case in either of the pure solvents. 
Thus, compared with sdlntions in pure solvents, tJie electrolyte 
in the mixed solvents would give rise to fewer ions ; but these 
ions would have greater mobility than they would display in 
the pure solvents. Thus in the mixture there are two forces 
acting against one another : one tending to decrease the con- 
dactivity owing to a paucity of ions, the other increasing the 
conductivity owing to the increase in the velocity of ionic 
migration. 

The foregoing statement of the case is purely hypothetical ; 
and in order to test the vahdity of the hypothesis it will be 
necessary to torn to the experimental data which have been 
accumulated in this r^on of the subject. 

The first work in this Geld appears to have dated from the 
observation > that the conductivities of certain salto in a mix- 
ture of methyl alcohol and water were lower than oomparahle 
conductivities in either pure water or in pure methyl alcohol. 
An extension of this work to include ethyl and |H«pyl alcohol 
as well as mixtures of the four solvents with each other * |Hoved 
that the same abnormality was present in these cases also. 

These facts are in agreement with the hypothesis outlined 
above ; but they are not sufficient to prove it In order to do 
that, it is necessary to establish definitely that the addition of 
one sdvent to another does actually disintegrate the molecular 
complexes in the liquids. Evidence on this point was obtained 
by Mmrray.* Working with water, formic acid and acetic acid, 
all of which are known to be associated, he determined the 
m(decular weight of each of these liquids when dissolved in one 

1 Zelinskj and Knpiwln, ZtiUeh. ithynfatl. Ohmi., 1896, 21, SO. 

■ Lindsay, Am»e. Ch»m. J., 1909, 28i 839. 

■ Hanaj, iMd. , 1908, 30. 198. 
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of the other pair ; and hia obeervationB shoved that the mo- 
lecular weights hecame Buialler with increase in dilution of the 
Boliitiona used. From this, Uie deduction may be drawn that 
the action of the solvent — which becomea more powerful as 
dilution increases — is to break up the molecular complezea 
formed by the stdute molecalea among themaelvee: 

We have stiU to deal with the second part of the hypothesis : 
the effect of int«mal friction in the pure solvents and in the 
mixtore. This was investigated by Carroll ' by oomporiiig the 
viacoeitieB of a series of mixtures with the conductivities of 
aolntiona prepared from these mixtures. The conductivity 
curves and the curves of viscoedty were found to be very 
similar ; and minima occurred at corresponding points on each 
cwrve. 

The existence of two opposing forces in the solutions is 
brought out by the behaviour of cobalt chloride dissolved in 
certain mixtures of acetone and the alcohols.* These solutions 
exhibited negative temperature coefficients in their conductivi- 
ties; which is accounted for on the above hypothesis by 
assuming that although with rise in temperature the viscoeity 
of the medium is decreased and the conductivity therefore tends 
to increase, yet at the same time the molecular complexes in the 
solution are so much simplified by the rise in temperature that 
the dissociating power cS. the solvents falls to an extent which 
outweigh the effect of the increased velocity of ionic migration. 

It wiU be seen that the experimental results appear to be 
quite in agreement with the hypothesis suggested at the be- 
ginning of this section ; so that it probably contains » good 
deal of truth. 
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1. General. 



When a solid is mixed with a liquid, the system ma.y assume 
une of three Ccmns. In the first place, the particles of the 
solid may be larg& In this case, tttoagh the raizture is ap- 
parently homogeneous after shaking, it soon separates into two 
layers owing to the maaedve particles of solid sinking to the 
bottom, leaving a clear hquid above them. Such a system is 
termed a suspeneion. Secondly, the solid particles may be 
extremely fine. If their size be sufficiently small, it is found 
that even on long standing the mixture apparently remains 
homogeneous; no solid separates from the liquid, and the 
system poesesses certain peculiar ]»t)pertiea of its own. This 
represents a colloidal solution, finally, when the aofid is 
distributed through the liquid in particles of molecular magni- 
tude, a true solution is formed. 

From the foregoing, it is easy to see that no sharp lines of 
division can be drawn between the three classes, since each 
merges into the other by imperceptible degrees. If the solid 
particles of a suspension be imagined as steadily diminishing in 
size, they are sure, sooner or later, to attain a diameter suf- 
ficiently small to permit them to float indefinitely in the sur- 
rounding liqTiid ; and in practice it is impossible to define exactly 
the size of particle which will fulfil this condition. Thus a 
fine-grained suspension merges by imperceptible degrees into 
the colloidal state. 

The colloid in its turn, by an analogous process of sub- 
division, may be conceived as passing into the form of a true 
solution ; for if the suspended particles be decreased in size 
until each of them contains at most only a few molecules, the 
difierence between colloid and true solutdtm will be practically 
negligible from this point of view, 

IJ8 
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Althongh only very roogh estimatee are poflable, owing to 
this ehading of one daas into another, the following figaiee 
give some idea of the relative sizes of the particles in the three 
different groups. In what may be termed a coarse suspension, 
tlie diameter of the particles risee from a minimum of O-lfL* 
Colloidal solutions contain particles ranging between 01^ and 
ID/*/* ; whilst true solutions contain particles with diameters 
of lOfifi or less. 

From what has been said above, it is evident that when a 
material is termed colloidal in character tiie name indicates a 
state of matter and is not used to describe a particular chemi- 
eal class of substances. 

In order to bring out the meaning of various terms em- 
ployed in dealing with colloidal substuices, it will be best to 
take np the subject more or less in chronological order and to 
begin with the initial researches of Graham.^ In the course of 
hie investigations upon difiusion, Graham was led to draw a 
distinction between two classes of materials. Sodium hyd- 
roxide, potassium sulphate, sugar and magnesium sulphate all 
show a high power of difiusion in solution; whereas silicic 
acid, alaminiom hydroxide, starch, tannin, albumin and gelatine 
were marked out by the tow velocity with which they difluse 
through water. Since crystalline compounds are rapidly dif- 
fosiUe whilst those showing low ratra of di^sion are amor- 
phous in character, Graham termed the first group crystalloids 
and gave the name colloids (from ncoXXa » glue) to the latter. 
He suggested that the colloidal condition is a "dynamical" 
state of matter as opposed to the "statical" nature of the 
crystalloids.f 

This difference in diflusive power suggested to Graham a 
meUiod of separating crystalloids from colloids by means of 
a membrane of vegetable parchment, through which the cry- 
stalloids are aUe to pass rapidly whilst the colloids, owing to 
their low rate of diffumon, are retained behind. This process 
he termed dialyaie ; and the cylinder closed at one end with 

^OrnbKn, Phil. Tratu., 186], 151, 188; Proe. Boy. 8oc., 1869, 13, 33G. 

*V — 10-* turn, and l^K 10-' nun. The unit l/i is termed a mwron. 

tThei« ia no Bhup ohamioal divMon between coUoidi and DrTstalloida. 
Sodium ohkwide oan be obtained In the oolloidal state and aome albuminB can 
be oi7>talliMd nnder eulain eondiUoiia. 
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a parchment dram, which ia nsnally employed for this purpoae, 
is named a dialyeer. A complete separation of colloid from cry- 
fitalloid is not attainable by dialysis, probably ; but certainly 
in practice it is possible toreduoa the quantity of crystalloid 
to such an extent that the remaining fraction is less than can 
be detected by ordinary analytical processes. 

At tills point it may be advantageoos to iutrodace a con- 
crete example to illustrate the ose of further terminology. 
When a solution of sodium silicate is poured into a large 
excess of dilute hydrochloric add, no precipitate of silicic acid 
is formed. After dialysis, it is found that all the hydrochloric 
acid has vanished from within the dialyser, whilst the greater 
part of the silicic acid remains behind in solution. On the 
other hand, if the process be reversed, the hydrochloric acid 
being added gradually to a solution of sodium silicate, a 
gelatinous precipitate of silicic acid is produced. 

It is thus clear that silicic add can exist in two di£forent 
forms, one of which remains in the liquid in which it is pro- 
duced, whilst Uie other is immediately thrown out of solution, 
in the shape of a jelly. To distinguish between these two 
types, Graham gave the name 80^ to the former and christened 
the gelatinous predpitate a gel. The process by which a sol is 
converted into a gel was named pectisation or, to use the word 
more commonly employed nowadays, coa^u^o^ion, 

finding that solvents other than water could be used, 
Oraham drew a further distinction in nomenclature by as- 
sociating the words sol and gel with prefixes which refo-esent 
the nature of the solvent Thus when water was used, he 
spoke of bydrOBols and hydrogels; with alcohol, the terms 
alcoeols and alcogels were used; glycerine gave rise to tiie 
names glycerosols and glyoerogels. 

The investigation of the properties of colloid sols proves 
that they are divisible roughly into two classes. In the one 
class are placed those which have a viscosity differing but 
little from that of the pure solvent; and to tiiese sols the 
name »\ii^tns<n^ is given. The membeis of the second class 
show a highly viscous character, being quite di^rent in this 
respect from the pure solvent ; and they are named emufsoids. 

When certain sols are evaporated to dryness and pure sol- 
vent is then poured upon the reeidual solid it is found that the 
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solid again passes into the sol coDdition in the fluid. In this 
caae, the material ia said to be lyopkilie. If, however, the solid 
material refuses to return to the state of a sol, it is said to be 
lyophobic* 

In some modern books on colloidal solutions it will be found 
that the suspended particles are referred to as the "disperse 
phase" of the system. It should be noted that this employ- 
ment of the word "phase," though convenient, is incorrect. 
A "phase" implies homogeneous physical character; and the 
particles in a colloidal solution are not necessarily physically 
homogeneous. In this connection it would be better to adapt 
to this use the word " phasis " employed by Graham and thus 
avoid the employment of a term which has a definite meaning 
in connection with the Phase Rule. 

Moat sols are capable of passing almost unchanged through 
filter-paper ; so that ordinary methods of filtration fail to 
separate the suspended particles from the liquid in which they 
float In the case of sols containing comparatively large par- 
ticles, however, it is possible to remove some ol the solid by 
means of tbltrafiltration. Thus Linder and Picton * were able 
to separate some solid material from an arsenious sulphide sol 
by using a porous plate as a filter; and more recently' a 
graduated series of filters has been prepared by impregnating 
with a colloid gel some supporting sheet such as filter-paper, 
wire-gauze or fabric. 

2. The Preparation of Colloidal Solutions. 

The methods employed to produce colloid sols differ 
from each other according to the nature of the solid material 
which it is required to suspend in the liquid used ; and it is 
therefore impossible within the scope of a few pages to deal in 
detail with Uie many processes which have been de\-ised. All 
that need be attempted here is to outline the more characteristic 
ways of producing colloids and to restrict consideration to those 
methods which have a more or lees general applicability. 

(a) Mechanical Dispersion.' — In the case of such materials 

■ Lindei Bud Picton, Trant., 1S92, Bl, 148. 

'B<)oholA.ZeittBh.phyHkal.Ch«m.,lWJ,W,^Ti 190S, U. 83S. 

* Panin, Atom*. 1S16, p. 9i. 

* The tenDB " leveraible oolloid " and " lneTeralble colloid " an aIm dimI. 

II 
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as gamboge it is possible to produce a colloidal eolation by 
merely rubMng the grains with water. A ampler and better 
method, however, is to disaolve the gamboge as far as poaeihle 
in alcohol and then poor the solution into water, which pre- 
cipitates the gamboge colouring matter in the form of tiny 
spheres. Maatic can also be brought into tJie colloidal state i^ 
the same process. 

(6) Electrical Methods. — Bredig^ found that many metals 
may be reduced to the colloidal condition by using wires of 
them as electrodes in a small arc which is allowed to play 
under the surface of the liquid in which the metallic particles 
are to be suspended. In this way the metal is thrown off in 
tiny fragments which are sufficiently small to form a sol 
with the liquid. Owing to the possible fusion of soft metals 
when used in this manner, Svedberg* substituted for the direct 
current the oscillating discharge of an induction coil ; and this 
method appears to be capable of more extensive use than tdie 
one devised by Bredig. 

(c) Chemical Methods. — Under this head, three types of 
reaction may be considered : reduction, hydrolysis and double 
decomposition. Of these the reduction method is probably the 
oldest, for it was used in the preparation of Purple of Cassias 
(gold sol) as long ago as 1685. In modem days it was 
employed by Faraday ' in his investigations upon colloidal gold. 
In the case of the Purple of Cassiua, a solution of gold chloride 
is reduced by means of stannous chloride under certain oon- 
ditions; and it is found that the metallic gold is thrown 
down in particles of colloidal magnitude. A somewhat similar 
process is to be found in the precipitation of sulphur when 
sulphuric acid is added to a solution of sodium thiosolphate. 
In this case, along with massive particles of sulphur some of 
the element is thrown out of combination in colloidal form. 

The hydrolysis of the salts of weak acids and bases has 
been employed for the production of sola with some suc- 
cess, though of course it is not universally applicable. For 
example, if a solution of aluminium acetate be boiled for a time, 

■ Bredig, ifwruontKftfl FmmtnU, 1901, p. 23. 
'Svedberg, KoUcid Zeitich., 1907, I, 229, 267. 

'Faraday, Phil Mag., 186T, 14, 401, 612; bm aUo Ziigmondy, CoUoida 
and tht nUramiavKope, 1909, pp. 124 fl. 
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it breaks down into aluminium hydroxide and acetic acid: 
and since the latter substaoce is volatile, it is removed from 
the solution as it is formed, leaving a colloid sol of alumininm 
hydroxide behind ; — 

A1,(C,H,0,), + 6H,0 = A1,(0H), + 6CH,C00H 
Since the hydrolysis of the acetate is nsoally incomplete, it is 
necessary to sttbject the liqaid to dialysis in order to purify it 
Double decomposition may take so many forms that only 
two examples need be given here ; and it will be convenieot 
to choose the preparation of an alumininm hydroxide sol 
again in order to illustrate the various ways in which a single 
colloid can be prepared. Talcing the simplest case first, tha 
action of water upon aluminium trimethyl gives rise to aln- 
miniom hydroxide. Since the second product of the reaction 
is the gas methane, only the hydroxide is left in the solution 
and a pure sol is obtained at once by this method : — 

2A1(CH,), + 6HjO - AJ,(OH)g + 6CH^ 
By treating aluminium sulphate with ammonium hydrate, a 
sol of alumininm hydroxide is produced ; but in this case 
it is contaminated with ammonium sulphate, which must be 
removed by dialysis : — 

A1,(S0J, + 6NH4OH = A1,(0H), + 3(NHJ,S04 

(d) Conversion of Gel into Sol. — The simplest case of 
this is tJie change of gelatine and water from the jelly-like 
condition into a liquid by raising the temperature of the 
mass. In some cases, the presence of electrolytes has a similar 
effect upon a gel. Thus Graham' showed that at 100° C. 
a trace of sodium hydroxide would convert a silicic add 
gel into a sol. Another example of the same phenomenon 
is often observed during ordinary analysis in the case of 
alnmiaium hydroxide precipitates. In presence of a trace 
of an ammonium salt, the hydroxide is converted into the 
sol and when thus liquefied it passes through the pores of the 
filter-paper and*eBcape6. 

(e) Action of a Colloid. — When certain emuboids snch as 
sotntions of starch, gum-arabic or gelatine are added to very 
dilute solutions of silver nitrate and potassium iodide, it is 

1 Qnhun, PhU. Tratu., 1S61, lU, 1S3. 
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found that the eilver iodide prodaced on misiuj; the reagents 
is 80 finely-divided that it asenmes ttie form of a sol. This 
"protective action" of the emoleoid seems to be due to the 
formation of a skin of colloid round the first tiny particlee 
of precipitate, which are thtis, in some way, prevented from 
coalescing to form larger aggregates. 

8. The Oamotic Pressure and Optical Properties of Colloidal 
Solutions. 
It has already been pointed out Uiat a very sinking differ- 
ence between colloids and crystalloids is to be found in their 
relative capacity for diOusion. The figures below show the 
relative intervals of time which elapse before the same amount 
of Bubatance is dialysed at a temperature of 10° C 
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From this extreme alowneaa of diffusion it is clear either that 
the force driving the colloid molecule (its osmotic pressure) 
is extremely small, or that the friction of its passage through 
the solution is very great. It is probable that both these 
factors play a part in the matter. Osmotic preeanre measure- 
ments in colloid solutions show that the pressure is very small 
indeed, and the molecular weights of the colloids are probably 
of the order of 10,000. Sabanejeff and Alexandroff ' found that 
white of egg has a molecular weight of about 14,000 ; and this 
is probably near the lower limit. These measurements dep^id 
upon the assumption that we are dealing with a true solution. 
When a colloidal solution is examined with the naked eye, 
the liquid usually appears clear and transparent ; hut when a 
beam of light is concentrated and passed through the solution 
by means of a lens, it often gives rise to an appearance akin to 
fluorescence. Now if the fluorescent light emitted by a solution 
of quinine suli^te be examined, it is found thfft it is not polar- 
ised. On the other hand, the fluorescence of arsenic sulphide 
hydrosol yields polarised light. This fact brings the hydrosol 
question into a new aspect. It is well known that if a beam of 
■ SabMiejeff uid Alenwdioff, J. Bum, Phyi. Chtm. Soc, 1891, g, 1. 
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light be thrown into a space filled with a gas in which fine 
particleB are suspended, the light is polarised by reflection from 
the sorface of the particles. The fact that light is polarised 
in colloidal solutions points to the neoeasity of determining 
whether or not they also are mere aUBpensiona of particles. 
Naked eye observations are useless in this case. Microscopic 
investigationfl did not throw any very definite light apon tiie 
matter, though by means of them it was possible to assign a 
maximum diameter to the hypothetical particles. At last, by 
the invention of the ultramicroscope, it became possible to 
establish beyond doubt the existence of actual material bodies 
floating in the colloidal solutions. 

The principle upon which the ultramicroscope depends can 
be illustrated by a very common phenomenon. In daylight, 
the air of an ordinary room appears perfectly dear to the naked 
eye, although it may be full of suspended dust-particles ; but 
if the room be darkened and a sim|de beam of light be then 
admitted the floating dust of the air becomes visible in the 
path of the beam as a series of motes dancing in the ray. 

Faraday* appears to have been the first • to apply this 
principle to the examination of colloidal materials; but the 
originator of the ultramicroscope in its modem form was 
Zsigmondy.* In the original form of the instrument the field 
of a microscope is illuminated at right angles to the optical 
axis of the instrument ; and the particles floating in the lit^nid 
appear as bright specks upon the dark field : but more recently 
different methods of illuminating the field have been devised. 
In every case, the main point of the method lies in the fact 
that although a particle itself may be too small to be detected 
by the microsoope, the flash of light which it reflects is 
sufficient to allow its presence to be recognised ; and thus tiie 
number of particles in a small volume of the colloidal solution 
may be estimated with a fair degree of accuracy. By means 
of the ultramicroscope it is possible to detect the presence of 
particles having a diameter not less than O'OOOOOS mm. 

' Sunday, Proc itoy. JnjJ., lSfi4-S, 2. SIO, i44. 

•Zgfgmondj, £rI:*TintniM der KoUoide, 190fi; Colloidt and tht Vltra- 
1909. 



* Tha ^MnoDMOon ii, bowever, gensntlly koown H tha " I^d»ll Effect " 
(lydiUl, Phil. Uag., 1969, 37, 3M ; Proo. Bof. Soe.. 1869, 17, S93). 
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When the ultrftmicroscope is applied to the atudy of colloidal 
solutions it reveals the fact that colloids are not neceesarily 
uniform in character. Organic colloidal materials auch as 
albumen are found to contain masses o£ varying size, some of 
these floatiog groups being comparatively large whilst others 
are so small as to evade exact ultramicroscopie examination. 
On the other hand, colloidal solutions of the metals are found 
to contain small independent particles; and in the case of 
some metals it has been possible to arrive at rough estimates 
of the sizes of these metallic specks. The following figures 
give some idea of the apjM^^ximate diameters of some of these 
objects : — 

PwtiolniD Approiinut* dljunfltcr. 

OoldhTdnwol 0-02 to 0-03 mm. 

Platinum hydrcsol OKMl nun. 

SilTOT hydrosol 0<I6 to 0-077 mm. 

In some gold hydrosols the metallic particles have diameters 
no greater than 1*7 microns; and since the diameter of the 
hydrogen atom as deduced from the kinetic theory of gases 
is 0*00016 micron, it follows that these gold particles are only 
ten thousand times the size of a hydrogen atom in linear 
dimensions. 

In connection with light, another property of colloidal 
metallic solutions may be mentioned here. Qold hydrosols 
vary in colour with transmitted light from roee-tint to bine, 
according to the nature of the solution; and by centrifuging 
a colloidal gold solution Lainpa' was able to produce a tube in 
which the tint varied uniformly from red at the top to blue 
at the bottom. Since the more massive particles tend^ under 
centrifugal action, to accumnlate in the lower layers of the 
solution, this goes to prove that in the red solutions the gold 
particles are finer than in solutions showing a blue colour. 
According to Zsigmondy,* the rose-tinted gold hydrosols eon- 
tain particles with an average diameter of 6/i/* whilst the bine 
hydrosols are suspensions of particles reaching 130/i./i in dis< 
meter. From an examination of the colours of various colloidal 
solutions. Wo. Ostwald ' draws the condusion that as the size 

'I«inpa, SiXKwnQtbet. Akad. WU>. Wim, 1909, 118, Il.a, 16C5. 
■Zaigmond;, ErkemUntMi d. Koiloid«, 1906, p. lU. 
>Wo. Oatwald, Eott. Chem. Beih., 1901, 2, 409. 
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of the pfirticles ia the colloid is diminiflhed the absorption 
band of the colloidal solution moves toward the shorter wave- 
lengths of the Bpectrum. 

4, The Electrical Properties of Colloidal Solutions. 

In the electrochemistry of colloidal solutions, two lines of 
iuquiiy are open : for in the first place it may be asked whether 
all such solutions (some of which apparently contain no ions of 
the ordinary type) exhibit a conductivity different from that 
' of the pure solvent ; and in the second place investigation may 
be instituted to discover relations between the nature of the 
colloid and the pole to which it moves, always supposing that 
such movement actually takes place. 

With regard to the first of these problems, the experimental 
results obtained up to the present hardly permit any general 
conclusion to be drawn. It must be borne in mind that 
the solid particles in colloidal solutions difier so much in 
chemical character that generalisation ia almost impossible. 
For instance, consider three typical colloids: a platinum sol; 
a solution of albumen ; and a sol containing suspended ferric 
hydrate. Particles of metallic platinum cannot be assumed to 
yield ions in the usual sense of the word ; albumens are buUt 
up from amino-acida which contain both oxygenic and basi- 
genic radicles and their electrical character is almost indistin- 
gniahabte from neutrality ; whilst ferric hydroxide is a basic 
material. Thus to expect marked similarity in behaviour 
from all three is to make the assumption that the colloidal 
state exerts a preponderating influence upon electrical char- 
acter; aod this postulate is by no means easy to grant. 
Further, before the electrochemical character of the colloids 
themselves can be ascertained it is essential to show that every 
trace of ordinary electrolytes has been removed from the 
solution, which is not readily established in practice. 

In order to illustrate the difficulty of proving the absence 
of normal electrolytes from solution, an example may be taken 
from the work of Whitney and Blake.' The most certain 
method at oar disposal for the removal of ions from solution 
is to subject the electrolyte to a series of successive electrolyses. 

> Whitney ud Blitke, /. Amtr. CAfm. 8oe., I9U, 86. 1339. 
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In the case of a gold sol, Whitney and Blake obtained the 
following results. The solation was subjected to dialysis in 
the first place. 

Specific condnctivitj x W. 

Attn dlaljdi 13-S 

1 el«atrol;«lB 7-7 

3 eleotTOlrsea 4-3 



For the watec aaed in Bol-formation . . I'S 

From these results, Whitney and Blake conclude that the 
values are converging to a definite figure which is regarded by 
them as being the true conductivity of the gold sol ; but as 
Taylor > points out, it is quite aa reasonable to suppose that 
the figures are converging upon the value 1*3, since by extra- 
polation of the graph this number would be reached after 
three further electrolyses. 

In spite of the number of investigations carried out in this 
field, the question cannot be regarded as settled, so far as these 
metallic sols are concerned. 

When the second of the two problems propounded above 
is examined, the results are much more definite. Certain 
colloidal solutions can be sharply divided into two classes accord- 
ing as their particles move towards the cathode or the anode ; and 
it is evident that in the former cose the solid part of the sol 
carries a positive charge whilst in the second group the charge 
on the particles is negative,' The following list ' of hydrosols 
^ves some idea of the members of the two classes : — 

Puticlsa negatiTaly durged. Particles podtlTelj ofaarged. 

SnlphideB ol Ai, Sb and Cd HjdroildeB of Fe, Or, Al, Ou and Th 

Sola of Pt, Ag, Au and Hg Sola of Bi, Pb, it, and Gn 

Staonio aoid and allloio acid Utaoio acid 

Indigo, eoain, luohaiD Hagdtda tedj Biamarok btown, methy- 

Stavch, tnaatio, lecithin lene blue 

Albamen, htemoglobin, agar 

This migration of collad particles toward one or other of 
the electrodes is termed cataphoresis. In some cases the phe- 
nomenon appears to be influenced by the nature of the solution. 

1 Ta jlor, Ohemiitry of Colloidi, 1915, p. GS. 
* Pioton and Uniet, Trans., 1S92, 61. 148. 
■ Burton. Physical Properti*s of Colloidal Solutions, 1916, p. 126. 
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Thus gtobulia and silicic acid are aaid to travel toward the anode 
in alkaline solutions bat toward the cathode when the solution 
is addic' 

It can be calculated ^ that the velocity of a seriea of partides 
Bospended in a liquid between two electrodes is given by the 
equation — 

^. _ tDH 

wherein v >> velocity of particlee ; e = dielectric constant of 
the liquid ; D = the potential difference between the particles 
and the liquid ; H = fall of potential difference between the 
electrodes in Tolt/cm& ; and i; - viscosity of the liquid. In- 
spection shows that this equation contains no term represent- 
ing the magnitude of the particles ; whence it appears that this 
can have no influence upon tiieir velocity. By assuming that 
the partides were composed of glass, and then by substitut- 
ing the known valuea of the various constants in the equa- 
tion, Smolnchowski * calculated that this velocity should be 
34 -A 10~* cms. per second. Actual measurementa * in the case' 
of metallic sols and sols of arsenic sulphide and of fernc 
hydroxide indicate that the particles in these liquids have 
velocities lying between 19 x 10"' and 33 x 10*; which is 
sufficient to prove that the potential differences between water 
and all these various solid particles are of the same order as 
that between ^ass and water. Further, since the solid particles 
in the variona sols were very different in diameter, it is clear 
that the velocity is independent of the size of the particles, as 
tiie theory |H«dicts. It is not without interest to note that 
this velocity is almost identical with that of certain slow- 
moving ions under the same conditions. For example, the 
sodium ion moves at the rate of 4S x 10^' cms. per second; 
whilst the lithium ion has a velocity of 36 x 10"' cms. per 
second for a fall in potential of one volt per cm. From these 
values it appears that the velocity of the suspended particles 

> Burton, Phynoii FropeHit* of CoIIoidi, 1916, p. 1ST. 

■See Tftyloi, Chemiitry of Colloidt, 191S, pp. 66, 76; Bnrtoa, Phyiieal 
Proprrliti of CoUotdal Solutuym, 1916, p. 137. 

' Bmoluohoiraki, Bull. Acad. Seim. CroMie, 1903, 1B2. 

•Under god Ploton, Tram., 1897, 71, S08; Whitue; and Bl&ke, J. 
Amtr. dum. Soe., 1901, 26, 1889; Burton, Phil. Mag., 1904 (vi), 11, ISO; 
CMton knd Monton, Aim. e\im. fbyi., 1906, 4, S68. 
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in a colloid nnder electrical Btross ia for all practical purposes 
identical with that of some ions. 

In the cases considered above, the chemical character of 
the suspended particles is well marked ; bat when more oran- 
plex materials are examined the results indicate that a furUier 
factor most be taken into consideration. Ccnnpounds such 
as gelatine and egg-albumin, being bnilt np from amino- 
acid trains, have no marked positive or negative electrical 
character but contain both oxygenic and basigenic radicles. 
This fact might enable us to predict the coarse of the cata- 
phone phenomena actually observed ' in aqueous solutions 
of these materials. In neutral solution, albumin shows n<;> 
cataphoresis at all ; in an acid solution the particles migrate 
toward the catiiode; whilst in alkaline solations the process 
is reversed and the particles move toward the anode. It is 
not, of course, certain that the amphoteric character of the 
compound is the root-cause of this behaviour; for it may 
just as easily be assumed that the colloid is iso-electric witii 
regard to water and picks up either a positive or a negative 
charge according to the ions with which it becomes associated 
in solution. The fact that a suspension of petroleum in water 
acquires a negative charge although it has no positive or 
negative radicles in its structure seems to indicate that the 
amphoteric nature of the albumins has some influence upon 
their behaviour. 

Against this, however, there is a certain amount of evidence 
drawn from another field. When a porous diaphragm or a 
capillary tube is placed between two electrodes in a liquid, 
it is found that there is a movement of the liquid through 
the membrane or tube when the current passes through the 
liquid. This naturally leads to the establishment of a difierence 
between the levels of the liquid on either side of the diaphragm ; 
and the phenomenon is termed electro-endotmotit from its 
resemblance to the effects observed in osmotic cells. 

Wiedemann" discovered that, when other conditions are 
constant, the difference in level depends on the viscosity of 
the solution and the E.M.F. appli^. Since viscosity enters 

''PeTTlo,Compt.nnd.,190e,ia^l8eS; Hud?, /.PftpnoL, 1904,84, 388; 
PaaU, Beitr. ehm. Phytiol. Path., 1906, 7. SSL 

> Wiedenwnii, Ann. d. Phj/tik, 18Ca (ii), 87, 321. 
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into the problem, it is clear that st some stage in the pheno- 
mena friction between two layers of material must play its 
part; and it m assumed that both these layers are liquid, 
the one being in motion whilst the other adheres fixedly to 
the solid material of the diaphragm. The further assumption 
is made that the two hquid layers carry charges of difierent 
potentials. 

On this basis, the following equation has been worked 
oat, which appears to concord with the experimentai resnlts : — 

v.a5l 

in which V = volume of Hqoid transferred across the dia- 
phragm ; e <= dielectric conslant of the liquid ; j - area of 
diaphragm ; D » potential difference between the two liquid 
layers ; E >- E.M,F. at the electrodes ; ti = viscosity of the 
liquid ; and I — distance between the electrodes. 

A simpler equation is obtained when pressure is measured 
instead of volume, by allowing the liquid to rise in a tube 
and measuring the height which it attains. The following 
equation should then hold good : — 
p 2eED 

in which r is the radius of the tube and the other symbols 
have the same meanings as before. If this equation be correct 
and if (he measurements be made in tnbee of Uie same material, 
then obviously the height to which the liquid will rise in any 
experiment is proportional direcUy to the applied E.M.F. and 
inversely to the square of the radius of the tube. From ex- 
periments with glass capillaries and varying E.M.F.'s, Quincke' 
established the truth of the equation, showing that the factor 
D is constant, being equal to the potential difference between 
gloas and water. 

With the exception of some basic oxides and hydroxides 
and a few salts, all substances when placed in contact with 
water become negatively charged ; and in this case the water 
travels toward the cathode in electro-endosmosis. But it is 
found that the difference in potential between the two layers 
may be altered by the addition of solutes to the water ; and 
> Quiocke, ^nn. d. Phvmk, 1861 (U), 113. 013. 
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(his contamination may increase or diminish the potenUal 
difference, so that there may even be a change of sign due 
to the [mscesB. 

The researches of Ferrin ' have thrown light upon this 
rej^on of the anbject. He construct«d a series of porous 
diaphragms from glass tnbes of about 10 cms. in lengUi and 
1'5 sq. cm. in cross-section, the tubes being packed with 
the insolable material which formed the actual diaphragm, 
In this way Ferrin was able to examine the behaviour of 
alnminiam oxide, naphthalene, chromium chloride, silver 
chloride, barimn sulphate, boric add, sulphur, salol, car- 
borundum, gelatine, cellulose, zinc sulphide, calcium carbonate, 
barium carbonate, manganese trioxide and powdered glass. 
The liquids employed were solutions of acids, bases and salts ; 
and it was found that the solutions were drawn by the current 
toward one or other of the electrodes, between which there 
was a fall in potential of about 10 volts per cm. across the 
diaphragm. The direction of liquid flow depended upon the 
nature of the solution but was independent of the composition 
of the insoluble diaphragm. Only liquids of high dielecti-ic 
constant — i.e., those with high dissociating power — exhibited 
apprei^able electro-endosmosia. His results showed that the 
addition of a monovalent acid to an aqueous solution always 
raises the electric potential of tiie wall of the diaphragm, whilst 
the addition of a monovalent base to the solution has the 
opposite effect and lowers the wall's potential. If contact 
with a certain liquid produces on the diaphragm wall a 
charge of a certain sign, this electrification can be reduced 
and even changed in sign by adding to the liquid a poly- 
valent ion of the opposite sign, monovalent ions have the 
feeblest influence; and the effect increases with the increase 
in the valency of the ion, as the following figures show. The 
diaphragm in this case was a negatively-charged one of 
carborundum in alkaline solution : — 

Volnms in cc. 
Salt added. per mlnate. 

- 60 

0-1 m. NaBr - M 

OWa m. Ba(NO^ - 26 

0-OOOa m. Ia(N(V, - IB 
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It will be noted in the above fig:ure8 that the conceutration 
of the trivalent ion of lanthanum ie ten times less than that 
of the divalent barium ion, whilst the effect produced by it 
is greater than that of the barium one. It must be borne in 
miad that in this case we are concerned with a nej^tive 
diaphragm and that the positive ion is the controlling factor 
in the change. This can be {oroved by considering the case 
of another negative cUaphragm in preseuoe of salts with a 
common magnesium ion. For the chromic chloride diaphragm 
in alkaline solution the following results were obtained : — 





Volume inc. 


B>lt lidded. 


pet mIsDte. 


0-0 


-76 


0-001 m. MgCl, 


-10 


0-001 m. MgSO, 


- 6 



tiere, it ia dear, the difference between the monovalent chlorine 
ion and the divalent sulphate ion produces very little change 
in the volume of water forced through the membrane. 

In the case of a positive diaphragm, sdch as chromic chloride 
in contact with an acid solution, the results show tiiat the 
addition of 0*0005 m. of potassium feriicyanide has a mach 
greater influence than 01 m. of potassium bromide; so that 
in the case of the positive diaphragm the valency of the acidic 
ion is the main factor. 

These results may be summarised as follows : The electrical 
charge on a diaphragm is reduced by the presence in solution 
of an ion of the opposite sign and the magnitude of the effect 
increases with the valency of that ion and is independent of 
the valency of the second ion of the salt em|doyed. In the 
absence of polyvalent radicles, all non-metallic substances 
become positively charged in acidic liquids and negatively 
charged in basic liquids. 

Betoruing now to the cataphoresis of albumins, it is 
evident that the cluu^e6 upon these materials in solution 
may be due to simple charging of their particles and need 
not necessarily be ascribed to their amphoteric character. 
In Perrin's investigations, as has been mentioned above, a 
diaphragm of naphthalene acquires a charge which cannot 
be ascribed to the electrochemical nature of the compound's 
constitution ; and it is therefore not unwarranted to assume 
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that albtunmoua materials may become charged id a similar 
manner and thus become capable of cataphoresis independently 
of any ionisatioa whidi they undergo. 

5. The Catalytic Action of Sola. 
Some metallic sols have a well-marked catalytic action in 
the case of certain reactions.' For example, when 2'6 cnbic 
cms. of a platinum sol containing 0'17 mgr. of platinom were 
shaken with electrolytic gae, it was found that the gaseous 
volume rapidly diminished owing to a combination of the 
oxygen and hydrogen to form water. The following figures 
were obtained by Bredig : — 

Time la roinutw 10 20 30 10 SO 

Deoreue ia Tolume of gu lT-8 SO-8 M'8 72-1 90-2 c.c. 
Similar results are observed in the case of the decomposition 
of hydrogen peroxide, which is hastened by the presence of 
colloidal metals. 

The catalytic action in these cases is probably to be as- 
cribed to the great metallic surface which is exposed when 
metals are reduced to the colloidal stat«, since even ordinarily 
finely divided metals exert a powerful catalytic influence upon 
certain reactions. 

A peculiar phenomenon is observed when certain substances 
are added to these metallic sols: apparently they lose their 
power of accelerating reactions, just as some organic enzymes 
cease to act as catalysts in presence of " poisonous " compounda 
For instance, the decomposition of hydrogen peroxide by 
platinum sol ceases to be catalysed when the solution contains 
in addition one part of hydrocyanic acid in 20 x lO' or one 
part of mercuric chloride in 25 x 10". 

Since these compounds also " poison " the organic enzymes, 
Bredig was led to draw a somewhat fanciful parallel between 
colloidal metals and organic ferments ; but it seems probable 
that the common factor is merely surface action. 

6. Coagulation. 
Hitherto this chapter has dealt mainly with the properties 
of colloids in the sol form ; but at this point it seems advisable 

^ BndigWBiBevDecii, Znttck. pKyiihU. Chem.,ie99,31, i6Q; Ikeda,i6Ml., 
1901,37,1; Reiiiden,tMJ., 833; Emat, ibid., 4iS. 
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9 the conversion of the sol into the gel and vice versA. 
When a gel is ptodaced from a sol, the process ia termed 
coagulation* 

Classification of the methods whereby coagulation can 
be produced is difficult, owing to the variety in the condi- 
tions which may produce the agglomeration of the suspended 
particles. For example, certain sols are converted into gels 
by simple heating ; but this ia by no means a general rule, for 
in some cases gels are changed to aols by raising the tempera- 
ture. Again, coagulation is in some cases brought about by 
adding electrolytes to the sol form ; but there are exceptions 
here also. The addition of non-electrolytes fails to produce 
coagolation in most inorganic colloids, though an organic 
colloid liiie ^g-albumiii is precipitated from aqueous solution 
by alcohol. Even from these examples it becomes clear that 
a classification of the coagulation processes according to the 
natmre of the coagulating agent {s^sents marked difficulties. 

There is, however, anotiier set of phenomena which enables 
a rough division to be made between two parts of the subject. 
It is found that in some colloids the conversion of sol into gel 
ia a reversible process whilst in other cases the gel is not recon- 
vertible into the sol directly. It is therefore possible to separate 
the field of coagulation into two part«, in one of which are 
placed examples of reversible coagulation whilst the other 
contains cases of irreversible coagulation. But even this 
classification breaks down in some instances, for colloids are 
known which might be regarded as falling into either class 
according to the conditions of experiment. It will be beet to 
give concrete examples to illustrate the difierences between the 
various phenomena. 

The case of irreversible coagulation being the simplest, it 
will be well to deal with it first. When solutions of arsonioua 
acid and sulphuretted hydrogen are mixed together, arsenious 
sulphide is produced ; but as it exists in the sol form, no pre- 
cipitate ia formed The addition of acids or salts, however, 
{voduces an immediate precipitation of the arsenious sulphide 
in the form of a get. The process in this case is irreversible ; 
for the sediment cannot again be brought into solution. 

'The terms "(olfteion" and "gelaUoD" hkva been pn>po««d in order to 
dUtiDgoiih the two procMMi of lol-pcodiiotlon uid gel-formation. 
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Another example of irreversible coagulaiion la farnished by 
boiling an e^, whereby ihe rise in temperature converts the 
Bol into a gel. The process is obviously irreversible, since 
there is no known method of " uuboiling " white of egg once 
it has been coaguUted. 

For an example of reversible coagulation, it is unnecessary 
to go further than glue or gelatine. Warm solutions of these 
substances exist as sols which on cooling, if the concentration 
be sufficient, will congeal into very obvious gels ; and on again 
raising the temperature, the gel will liquefy and become re- 
converted into the sol form. 

Finally, to illustrate the third type, in which the coagulation 
process may be either reversible or irreversible according to 
the conditions chosen, the example of silicic acid will suffice. 
When a silicic acid sol is allowed to evaporate slowly at 
ordinary temperatures it yields a glassy material from which 
the sol can again be obtained by simple addition of water. 
This is clearly a case of reversible coagulation. But if the 
water be completely removed from the glassy material by 
heating it, some change in the nature of the solid takes place 
and it is then incapable of forming a sol on the addition of 
water. 

In connection with coagulation, one of the most interesting 
points is to be found in the relations between a colloid and an 
electrolyte. If to a colloid sol under the ultramicroscope there 
be added a solution of a salt, it is foond that certain changes 
can be traced in the dark field of the instrument. The pure 
sol is represented by points of light in very rapid movement. 
With the addition of the electrolyte, the minute particles of 
the sol coalesce and form aggregates which appear as tiny 
illuminated discs, still in extremely rapid motion. The 
presence of greater quantities of electrolyte conduces to a 
further aggregation of the particles and to a slowing of their 
motion ; and the groups of particles increase in magnitude and 
diminish in velocity until movement entirely ceases and sedi- 
mentation of the precipitate begins. 

Three possible explanations of these phenomena suggest 
themselves. In tiie first place, the process might be assumed 
to be parallel ionic precipitation or to the salting out of one 
reagent by another. Secondly, the influence of the electrolyte 
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might be dne to its acting as a " brake " on the motion of the 
ptutides and thns, by slowing down their vibrations, permititiiig 
them to cling together and become sedimented. Or, finally, 
the particles may tend to coalesce more eagerly in presence of 
the electrolyte and the slowing of their motion may be a mere 
result of the increase in size of the aggregates. 

The improbability of the first explanation is easily made 
dear.^ In the case of ordinary analytical precipitations, the 
precipitant is decomposed daring the process ; whereas in the 
case of colloids the precipitating reagent remains chemically 
anchanged, as far as we know. Nor can the parallelism with 
the salting-out process be maintained, for in salting out it is 
necessary to add a very large quantity of the precipitant, 
whereas in the case of colloids a comparatively small amount 
o£ electrolyte will bring about coagulation. 

The second explanation can be disposed of even more 
conclusively. Svedberg, by direct observation, found that in 
the case of a silver sol to which aluminium sulphate was added 
there was no change in the amplitude of the vibration of the 
particles on the addition of the electrolyte; but that as the 
particles coalesced the amplitude of vibration diminished with 
each increase in size of the aggregates. This proves that the 
change in the velocity of the partides is the result and not the 
cause of the coagulation ; so that the field is left free for the 
third explanation mentioned above. 

Before dealing with the theory of this, however, it is 
necessary to examine the phenomena in more detul, for 
several points must be made clear if the problem is to be under- 
stood. 

The work of Schulze ' and of Linder and Ficton * estab- 
lished the fact that when an electrolyte is gradually added to 
a colloid sol, no coagulation takes place until the concentration 
of the salt reaches a certain minimum value. When lees than 
this minimum quantity of electrolyte is present, the sol remains 
stable. For example, when the amount of sodium chloride 
necessary for the complete precipitation of a ferric hydroxide 
sol has been ascertained, it is found that the sol will tolerate 



' Hariy, /. Phyiiol., 1905, 33, 258. 

1 Schulze, J. pr. Chem. (2), 1883, 25, 431 ; 1883, 27, 3 

^Linder and Pioton, Tram. 1900, 87, 1993. 
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the presence of one-sixth of this quantity of sodium chloride 
without apparent coagulation ; for it remains clear even when 
hoiled with thia proportion of the salt. A^rain,' when three 
equal portions of an araenious sulphide sol were treated with 
potassium chloride bo that one portion contained 1*219 milli- 
mols of chloride per litre whilst the second held 2*438 millimols 
per litre, and the third conttuned 3*90 miUitnols of salt, it was 
found that the first two solutions were hardly affected at all, 
whereas the third one gave complete preci^tation of the 
arseoious sulphide. 

From these results it is clear that the mere presence of the 
electrolyte ie not sufficient to produce coagulation ; hut that the 
concentration of the electrolyte must attain a certain minimum 
value — sometimes called the precipitation concentration — in 
order that the colloid may be thrown down. 

This is not, however, the only peculiarity of the process ; 
for a much stranger phenomenon remains to be described. 
In an ordinary chemical reaction we are not concerned with 
the previous history of the reagents which play a part in it. 
One gramme molecule of hydrochloric acid will always suffice 
to precipitate completely from silver nitrate solution one gramme 
molecule of silver chloride ; and the amount of hydrochloric 
add required is the same no matter whether it is added in one 
operation or step by step. In the case of the action of electro- 
lytes upon colloids, however, the process does not follow this 
rule ; for the manner in which the precipitant is added has a 
marked infiueuce upon the course of the reaction. For example, 
if the amount of barium ^oride sufficient to precipitate an 
arsenious sulphide sol in one operation be determined, it is 
found that when the same quantity of barium chloride is added 
to the sol in small quantities at a time, precifntation is by no 
means complete and a much larger amount of the salt must 
be added to ensure complete coagulati(m. In fact, by treatment 
with barium chloride in small doses, tiie sol appears to become 
less sensitive to the action of the salt, just as a human being can 
be trained into a partial immunity to arsenic by giving him 
minute doses from time to time, or as a mild attack of a 
disease may render a living organism more resistant to a 

'FrenndUob, Ztitteh. phyiikal. Chm., 1903, 44. lU. 
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BMond attack. It Beems, therefore, that m this colloid field 
phenomena make their appearance which faintly thoagh dis- 
tinctly recall certain processes which take place in living 
oi^ianisms. The agglutination of bacteria which forms the 
basis of Widal's reaction in the diagnoeia of typhtnd fever 
fumishea an example of an analogous phenomenon. 

When the precipitating action of electrolytes upon colloids 
is examined, two important facts are discovered. In the first 
place, the precipitating power of the electrolyte resides in the 
ion whose electrical charge is opposite to that on the sol, so that 
a basic sol is ooagnlated by an anion whilst an acidic sol is 
sensitive to the influence of cations. Secondly, the effect pro- 
duced by a given ion is related to the valency of the ion. A 
monovalent ion has less inflnence than a divalent one, and the 
divalent ion in turn has less action than a trivalent ion. For 
exam[de, in the case of a sol of areenioos sulphide, the coagu- 
lating ion is a positive one ; and if the relative concentrations 
of electrolyte required to produce precipitation of the colloid be 
determined in the cases of potassium nitrate, barium nitrate 
and aluminium nitrate, it is foimd* that they stand in the 
f<^lowing order : — 

PnHmrium nitnta SO'O 

Bftriiiia nitnte 0-687 

AlamiDlnm nltnte 0-096 

Thus a minute concentration of the trivalent aluminium ions 
will produce the same efiect as a seven-fold concentration of 
divalent barium ions ; and the efiect of the monovalent potas- 
sium ion is so small that the concentration of them must reach 
five hundred times that of the aluminium ions in order to do 
the same work. Both in electro-endosmosis and in coagulation 
the charge on the ion appears to play a very large part in the 
phenomena. 

From the facts given above with regard to cataphoresis, it 
is evident that this phenomenon can be accounted for by as- 
suming that certain colloids carry a positive charge, whilst 
others are negatively electrified. This assumption agrees, 
farther, with the results which have just been described in the 
case of the coagulation of sols by means of ions; since the 

> Fieundlioh, Ztittch. jihytiftaj. Ckem., 1908, M, IM- 

la* 
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colliaioQ of a positively charged ion with a negatively charged 
colloid would roh the colloid of ito charge and reduce it to the 
state of an ordinary suspension. It now remains to put the 
matter to a final test by determining what effect, if any, is 
produced when two colloids of opposite charge are brought 
into contact. 

Linder and Picton * were the Srst to observe that when two 
oppositely chained colloids were mixed, both became predpi- 
tated. Later on, Lottermoser * found that ferric hydroxide, 
for example, would cause the coagulation of silicic acid when 
the two were mixed in sol form. To a certain extent there is 
a resemblance between the action of a sol and an ion of similar 
charge. For example, Just as the ions act differently according 
as they are added bit by bit or en Tnasse to the sol which they 
precipitate, so the precipitating action of one sol upon another 
varies according to the manner in which they are mixed. 
Further, just as a certain concentration of ions is required to 
produce coagulation, so the precipitating colloid must reach a 
minimum concentration before it acts measurably upon the 
second sol. At this point, however, there is a divei-gence 
between the two phenomena ; for when one colloid A is added 
by stages to a second colloid B it is found that the following 
phenomena take place, provided that the two colloids are 
rapidly and thoroughly mixed together : (1) a small quantity of 
A fails to precipitate B ; (2) a larger quantity of A precipitates 
B ; (3) a still larger quantity of A fails to produce Ae coagula- 
tion of B which was easily obtained by using a smaller quantity 
of A. In other words, there is a certain " optimum concentra- 
tion " of A which produces the maximum precipitation of B ; 
and any quantity of A either larger or smaller than this will 
fail to produce such satisfactory results,* 

There is a further resemblance between the actions of 
colloids and ions which must be mentioned here. It is found 
that in the case of a positively chat^d sol, the presence of 
hydrogen ions in the solution makes the colloid much less 
susceptible to coagulation ; whilst the coagulation of a negative 
sol is analogously inhibited by the presence of hydroxyl ions, 

* LiDd«r And Picton, Trtmt., 1897, 71, GG8. 

* LottermoMi, Ai]organ%Khe Kolloide, 1901, p. 77. 

* Site, Bn-., 19M, 37, 1096. 
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The ions appear to " protect " the colloid from the attacks of 
oppositely charged iouB, joat aa might be expected. Now, as 
was firatehowD by Linder and Hcton,^ there is a veiy intimate 
relationship between colloids and ions ; for when the negative 
arsemons sulphide sol is |H«cipitated by adding barium chloride 
to the solution, it carries down with it a very large proportion 
of barium, and the remaining liquid acquires acid properties 
owing to the excess of chlorine ions left in it. The barium is 
so firmly retained by the precipitate that no washing with 
water will suffice to remove it ; and it is said to be adsorbed 
by ttie colloid. 

This process is suggestive when it is considered in con- 
nection with another " protective " action. Faraday * observed 
that in presence of "jelly " * a gold sol was more stable than it 
seemed to be in the pure state ; so that the "jelly " had a pro- 
tective influence upou the aol and hindered ita coagulation. 
This phenomenon appears to be of a general character. When 
gelatine, albumin, gum-arabic or any other stable colloid is 
added to a less stable sol, such as silver sol, it is found that the 
less stable sol is protected by the presence of the more stable 
one and becomes much more difficult to precipitate.' 

Zsigmoudy* devised a method by means of which this 
phenomenon can be studied quantitatively. Using a gold sol 
obtained by reducing gold chloride in solution by means of 
formaldehyde, he measured the weight in milligrammes of a 
colloid which just fails to fo^vent tiie colour>change of red to 
violet in a mixture of 10 c.c. of his standard sol and 1 cc. of a 
10 per cent, sodium chloride solution . This weight Zsigmondy 
christened the "gold number" of the colloid in question; and 
obviously the smaller the gold aumber, the greater the protective 
power of the colloid. Some examples of gold numbers will 
show the great diSerenoes between the protective power of 
varions colloids. 

> lioABt and Pictoo, Tratu., 189S, 67. 63. 
'Fu>d»7, Phil. Tratu., 18S7, 147, IM. 

'Mayar sod LottannoMr, /. pr. Chem., 1897, 56. S41 1 Lottermoser, 
Amirgimimsh* KoUoidt, 1901, p. GO. 

* Ziigmondy, ZeiUcK analyt. Cliem,, 1902, 40, 697. 
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Collirid. Gold Nnmbw. 

Gelatine 0-OOStoO-Ol 

Egg-albamin 0'16 to 0*26 

Oam tng&cAnUi 2 (ftppiox.)- 

Potato starch 36 (^tprox.)- 

It is not only the organic colloids which can act as pro- 
tectors ; for silicic acid sols have Bimilar properties and zirconium 
hydroxide sols exceed even gelatine in protective power. It 
must be remembered, however, that the efficiency of the pro- 
tection afforded is dependent upon variooa factors and differs 
from sol to sol. 

A possible explanation of the protective power is to be 
found in the phenomena of adsorption.* If the particles of the 
anstable colloid be coated with an adsorbed layer of the etable 
colloid, the properties of the nnstable sol will tiien approximate 
to those of the stable coating; and hence there will be an in- 
creased resistance to coagulation in the mixture. 

7. The Pr(^erties of Gels. 

The coagulation of a colloidal solution may give rise to 
either of two products, according to the nature of the colloid. 
In the case of metallic sols, the solid particles are precipitated 
from solution in the form of a loose powder which is not 
necessarily associated with the liquid material of the sol. In 
other types of sol, however, a gel is produced by the coagula- 
tion process; and in this gel both the components of the liquid 
colloid are present. The gels themselves, as has already been 
mentioned, can be divided into two classes according to their 
behaviour on drying. The members of the lyophobic class, 
when dried, refuse to absorb the solvent again ; whereas the 
lyophilic gels have the property of re-forming sols when wetted 
with the solvent. Oeb can also be classified as "elastic gels" 
and " non-elastic gels," according to their behaviour on stretch- 
ing. 

With regard to the proportions of water found in gels, it 
has been established by van Bemmelen ' that these are quite 
arbitrary in most cases. Gels of silica, stannic oxide, ferric 
oxide and aluminium oxide are found to contain proportions of 

•nil Bemmelen, £w., 1878, U, S232; 1880, 13, 11S6. 
* See Oh&pler XIII. 
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water which indicate that the quantity of liquid present in the 
gel is governed by external conditions and corresponds in no 
way to molecular ratios. In the case of silicic acid gels, the 
materials are unstable systems of the general formula 

SiO„ nH,0, 
the value of n being dependent on physical conditions and also, 
strange to say, upon the previous history of the substance. 
Owing to this last fact, it is evident that with the chemistry of 
colloids a step is being taken from the hard-and-fast lines of 
pure diemical action towards the field of biochemistry.* 

Among the elastic gels, of which gelatine is a good example, 
the action of water is of considerable interest. When water is 
placed in contact with solid gelatine, the system undergoes a 
contraction in volume, though the gelatine itaelf swells in bulk 
and heat is evolved during the process. The prwsure pro- 
duced by this swelling of the gelatine is by no means negligible, 
for in some cases it is suflScient to burst a porous pot,' There 
is no evidence of chemical combination between the gelatine 
and water; but the elastic gels differ from the non-elastic ones 
in the fact that after an elastic gel has come into equilibrium 
with water vapour it can still take up further quautities of 
water if it is placed in contact with liqaid water. When 
gelatine is placed in contact with salt solutions it is found that 
it tekes up both water and the solute ; and the nature of the 
solute influences the amount of water which the gelatine ab- 
sorbs.* For example, if equal quantities of gelatine be placed 
in contact with sodium sulphate solution, pure water and 
sodium chloride solution, it is found that the greatest absorpUon 
occurs with the sodium chloride solution and the least al»orp- 
tion tekes place in the sodium sulphate solution. 

With regard to the physical properties of gels, it is found 
that the expansion of a gel on heating is practically the same 
as that of the water (or other liquid) which it contains. The 
compressibility of the gel is much greater than that of the 
solid material. Investigation shows that when a gel is stretched 

< Schtoedet, Z»iXsc\i. ji^iibil. Chdin., 1908, 16, 109. 

iHolmaiater, At<M,xi. tap. Ph^tiol. Poih., 1891, 28. 310, 388. 

'Sinoe coUoids torm the major put of the aalMtaDoeg compodDg the 
ohemleal bMl* of living timufl, it is Dbvions thftt bioohemicBl nsictiona muit be 
Urgelj iaflnenoed b; the properUefl ol matter in the ool1oid»l stAte. 
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it saSers no change in volume. One very carious property of 
geU must be described, since it shows that these materials, 
thoQgh not solids, can nevertheless be " strained," juat as glass 
ia strained, by unequal heating or by external force. By plac- 
ing a gel in an annular vessel of which the inner wall was 
rapidly rotated whilst the outer one was kept fixed, it was 
found that under these conditions the gel showed doable re- 
fraction, just Uke unannealed glasa. This effect is not due to 
the viscoeity of the gel, for when solutions of glycerine of 
greater viscosity were exsmined, no such phenomena were 
detected. 

An interesting property of gels is exhibited in the f orma- 
. tion of what are known as Liesegang's ringa When a hori- 
zontal glass plate is coated wiUi a gelatine sol to which some 
ammonium bichromate is added and, after the gelatine has set 
and before it becomes dry, a drop of silver nitrate is placed in 
the centre of the sheet, it is found that a series of concentric 
rings of silver bichromate are jawluced around the original 
position of the drop. Between the rings, there is no marked 
deposit of predpitate ; and the rings are formed at ever-increas- 
ing distances apart as they spread out from the centre. 

Ostwald ' suggested an explanation for this phenomenon ; 
but it seems mainly remarkable for the fact that it fails to 
account for the most obvious part of the results. In his view, 
an excess of silver ion is required to produce supersaturation 
in the metastable region, whereby nuclei of the precipitate may 
be formed. As soon as these nuclei are formed, according to 
him, the whole of the local silver bichromate is thrown down, 
with the result that the silver ions have to travel a consider- 
able distance further before they meet enough bichromate to 
induce precipitation again. Against this conception of the pro- 
cess, several objections may be urged. In the first place, on 
Ostwald's assumptions, precipitation ought to be most marked 
at the centre of the drop, which is exactly where no precipi- 
tate is produced in practice. Secondly, the hypothesis leaves 
out entirely the possible protective action of the colloid on the 
precipitated silver bichromate (sol) although the protective action 
of gelatine is known to be very marked. 

'Ostwald, Uhrbuth, 2, II., 778. 
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It aeemB mnch more probable ' that Ostwald's " explana- 
tion " 18 the very reverse of the truth. When a very dilute 
solution of silver nitrate is added to dilute potassium iodide it 
is found that a silver iodide boI is produced which is stable so 
long as excess of potassium iodide is present. As soon, how- 
ever, as the silver and iodine ions are present in exactly equal 
quantity, the sol is precipitated.* On this basis, the precipita- 
tion which gives rise to Liesegang's rings should occur only 
where the silver and bichromate ions are present in exactly 
equal quantities ; whilst where one of them is in excess — as 
in the centre of the original drop, only silver bichromate sol 
would be formed and no precipitation would take place. 

Another attempt* to acooant for the production of Liese* 
gang's rings has been made, the basic assumption in which is 
Uie existence of gelatine in two forms, a-gelatine and /3-gela- 
tine. Ultramicroscopic observation seems to show that ordinary 
gelatine is built up from an irregular network of fibres, between 
which lies a structureless mass; and it appears that the diSii- 
aion of any electrolyte into gelatine gives rise to laminated 
structures, quite independently of chemical action. The pro- 
duction of the Liesegang rings and analogous phenomena is 
therefore ascribed to the influence of the structural basis of the 
gel, the orientation of the a-gelatine fibres being the governing 
factor in the problem. 

' T&ylor, Ch«nti*<rv 0/ Ctftloub, 191G, p. 117. 

■LottennoMr.J.pr.Cftm., 1000,72.89; 1006,73.871. 

• Uoellet, KioU(M Z«Ut4A., 1916, 19, 206, 318 ; 1917, 80, 242, 367. 
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CHAPTER X. 

THE BBOWNIAH MOVEMENT. 

1. The Nature of the Brovmian Movement. 

When tiny solid particles are suspended in a liquid medium, it 
ie found that they do not remain inert but move inceBsaittly. 
Thia phenomenon was observed by Leeuwenhoek, Stephen Gray 
and BufTon, but owing to lack of sufficiently powerful micro- 
scopes these investigators failed to recognise the nature of the 
particles and ascribed the motion to the presence of animalculte. 
In 1828, Brown,* from a study of pollen dost in water, was 
able to prove that no vital action was concerned in the matter. 

It was not until forty years later, however, that any de- 
tailed investigation of the Brownian movement was made. 
In 1868, Dancer* showed that particles of gamboge suspended 
in water were in continual motion ; and he also observed that 
the smaQest oil-globules in milk had a Brownian movement, a 
fact which proves that the suspended material need not neces- 
sarily be a solid. About the same time, Jevons* extended our 
knowledge of the phenomenon to a considerable extent. He 
proved that the motion is independent of the material of the 
particles bat depends upon their size ; that the motion appears 
to be related to the stability of the suspension used ; and that 
certain impurities in the water of the system have considerable 
influence upon the movement. From the effects observed when 
electrolytes were added to the water, he was led to suggest 
that the stability of the particles in suspension was due to 
electrical charges upon them. 

The following are the main characteristics of the Brownian 
movement. It is shown only by particles hftving a diameter 

■ Bcown, Phil. Mag., 183S, i, 101 ; 1639, 6. 161 ; 1330, 8, 41. 
*Duic«r. IZVarM. Jfanch. Phil. Soc, 1868. 163; 1870, 37, 82. 
> Jevone, ibid., 1870i 78- 
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of not more than O'Ol mm. In the case of such particle8, the 
movement takes the fonn of an oscillation about a fixed centre ; 
and the particle mMntfuns approximately the same position 
while vibrating hither and thither at random through small 
distanoes. When the particles are much smaller, as in the 
case of some gold sols for example, the motion is much more 
violent and the particles dart hither and thither in the liquid, 
often travelling tlurough comparatively long distances and show- 
ing no sign of returning to their original positions. In fact, 
there is such a difference between the behaviours of lai^ and 
small particles that Zeigmondy ' at first regarded the motions 
in the two cases as being entirety difierent in their origin. It 
is now known, however, that the two types of vibration are 
essentially the same. 

The diemical character of the particles and of tiie pure 
liquid in which they float appears to be without influence 
upon the Brownian movement.* On the other hand, the vis- 
cosity of the liquid has a very marked efiect upon the motion 
of the suspended particles; for it has been found that the 
amplitude of vibration of any fixed size of particles is inversely 
proportional to the viscosity of the liquid. As was stated above, 
the amplitude of vibration increases aa the size of the particles 
is diminished. 

As to the influence of external factors upon the movement, 
it appears to be almost negligible. Whether the liquid is kept 
absolutely still or subjected to irregular mechanical vibration 
from the outside, the motion of the particles seems to be exactly 
the same.* There is no reason to suppose that convection 
currents in the liquid have anything to do with the phenomenon, 
since eflecte due to them are easily distinguishable from the 
true Brownian movement. The presence of light does not ap- 
pear to be essential to the movement, for suspensions which 
have long been kept in the dark show the phenomeuon just as 
actively as those which have been illuminated. Evaporation 
has also been removed from the list of possible causes by 
kee|nng the specimen in contact with air saturated with the 
liquid in which the particles are suspended ; and under such 

I ZdgmoDdf , Zwr £lrA:»fml»i>i d*r STolIoid*, p. 107. 
*8Tedbei8, Z^Uc\. EUktroehem., 1906, 13, B68,909. 
*aoaj,Jount. iePhysiqut, IBBS, 7, 661; Compt.rmd.. 1689,109,103- 
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conditions, when no evaporfttion takes place — or at least, where 
t^ero is no change in the equilibrium of the system — the 
phenomenon proceeds as briskly as ever. At one time it waa 
sappoaed that an alteration in the supply of heat to the system 
had an effect upon the Brownian movement ; but more recent 
work seems to show that the change in vibration with altera- 
tion in temperature is due merely to the variation in the 
viscosity of the liquid which is thus produced. There seems 
to be no cessation of the movement; for Brownian motions 
have been observed in the case of liquid inclusions in certain 
rocks, in which case the process must have been maintained 
for an extremely long period. Magnetic fields appear to have 
no influence upon the motion of the particles unless these be 
themselves magnetic in character.' 

One agent appears to have a profound effect upon the 
Brownian motion. When an electrolyte is added to the sus- 
pension of fine particles, the usual result is a retardation of the 
motion and, in many cases, its complete cessation.* 

2. Measurements of the Brownian Movement. 

In order to establish the laws governing the Brownian 
movement, it was necessary to obtain direct measurements of 
the motions exhibited by the suspended particles ; and various 
methods have been devised to accomplish this task. 

The earlier investigators appear to have followed the 
movement of particles by means of a microinetric glass scale, 
the time being taken by a watch. Perrin and his colleagues * 
employed a microscope with a camera lucida and noted the 
position of a particular particle every thirty seconds. The 
microscope being vertical in their experiments, this method 
gives only the horizontal displacements of the particles ; since 
the vertical displacement escapes the instrument Under these 
conditions, particles could sometimes be followed for half an 

' Qoay. toe. oil. ; Baoke dad Meade, Proc. AnMr. Phil. Six., 1891, S9. 

' PeniD, Lt» AUxnet, 1918, p. 173 ; Atomt, 191G, p. 122 ; Ohaudewignes, 
Cwnpt rend., 1908, 147, lOM ; Dtbrowaki, ibid., 1909, 149, 477. 

'Svedberg bellavea (hat the BronnUn movamant is indspendeiit of eleo- 
triosl chuges ; but the evidanoe of the effect of eleotrolytes is so eitennve that 
Uoao hardljbe bruBhadaaide meielj od this aoooant. 8aa Perrin, LeiAtomti, 
1018, p. 131, footnote, or Atovu, 1916, p. 36, footnote. 



D,g,l,..cbyGOOglC 



THE BROWNIAN MOVEMENT 189 

hoar without passing out of view. Fig. 25 shows the tracks 
of particles determined by this method. 

By comhining the ultramicroecope and the cinematograph, 
Henri ' overcame the difficulties of direct observation and 
produced permanent reaulte from which the personal equation 
is absent. An exposure was made every twentieth of a second 
and the exposure itself was only -^ second. By means of 



Fia. 2C. 
From L«wii> " A. Syittm of Phyiieai Chrmitlry ". 

these photographs, the paths of the particles could be traced 
oat comparatively simply. 

A third method has been devised by Svedberg.* By passing 
a colloidal solution slowly through the field of the ultramicro- 
scope, he imparted to all the particles a uniform velocity of 
known magnitude. If the partides had no proper motion of 

1 Honri, Bull. 8oe.fr. phyt., 1906. 4, 46, 61. 

'Svedbeig, Zeitich. Elektrochmn., 1906, 12, 9M, 909; Zeiltch. phyttkal. 
Chm., 1910, 71, 6T1. 
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their ovn, the effect on a photographic plate in the nltramicro- 
Bcope wonld have taken the form of a series of straight lines 
parallel to the direction of flow of the liquid. If, however, the 
particles were moving independently of the liqaid stream, any 
motion at right angles to the stream would be reproduced on 
the plate; and their tracks would be wa\'y lines instead of 
straight ones. The amplitudes of the waves in a line furnishes 
a measure of the movement of a given particle, since the rate 
of flow is known. In this way, from the wavy line on the 
plate it is possible to recoDStrnct the proper motion of the 
particle. 

3. Th* Kinetic Theory and the Brownian Movement. 

It was surmised by the earlier investigators of the Brownian 
movement that the phenomenon was explicable on the assump- 
ticm that collisions were taking place between the suspended 
particles and the molecules of the liquid in which they floated. 
Ramsay appears to have been the first to carry the matter into 
the stage of quanUtative results. From his observations he 
calculated' tiiat a particle weighing 2'8 x lO'^^grms. would 
have a velocity of 1*4 x 10~* cma. per second; and he sug- 
gested, further, that the onderiying cause of the action of 
electrolytes on the motion might be sought in a breakdown 
of large associations of water-molecules, so that the impacts oE 
the water-aggregates would be feebler when an electrolyte was 
p-esent in solution. 

Even without bringing quantitative measurements to bear, 
there is enough evidence to show that the kinetic hypothesis 
is a probable one. It will be recalled that the nature of the 
Brownian movement varies with the size of the particles in 
suspension : tiny particles move quite at random, wlulat heavier 
masses tend to oscillate around fixed points and do not fly 
hither and thither throughout the liquid. This behaviour is 
exactly what might be predicted from the kinetic hypothesis. 
A massive particle will move only slightly under the coUimon 
of a lighter solvent molecule ; and since the impacts of solvent 
molecules take place on all sides of the particle, it will t«nd to 
move approximately about a fixed position. The lighter par- 

Proe., 1B92, 7. 17. 
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ticl«fi, on the other hand, since their mafiBes are more compar- 
able with those of the solvent molecolea, will suffer great 
diaplacements as a result of collisiona ; and hence their motions 
will be much mwe violent and haphazard than those of the 
heavier particles. 

The theoretical investigation of the motion of particles in 
a colloidal solution has been carried oat by Einstein,' Langevin * 
and Smoluchowski.* The two former authors arrived inde- 
pendently at the following equation : — 



R.T 

■ N ' 






in which A and t are respectively the amplitude and oscillation 
period of a particle of radius r ; 17 is the viacosity of the fluid 
in which tiie particles are suspended ; N is the number of 
molecules in a gramme-molecule of substance ; B is the con- 
stant of the gas equation ; and T is the temperature on the 
abeolnte scale. The equation deduced by Smoluchowaki differs 
from this only in the insertion of a numerical fraction on the 
right-hand side of Einstein's exinvsaion. 

Id order to test the accuracy of the equation, various 
methods may be employed. In the first place, by inserting 
the values for all the factors on the right-hand side and then 
examiniog the movement under the ccmditions thus determined, 
some idea may be gained of the general applicabiUty of the 
expression. The following figures^ give a selection of the 
reaults which have been obtained in this way : — 
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I, ^«n. PAynk., 1906, 17, (H9 ; 1906, 19, 871. 

• LaugBTin, Compf. r^md., 1909, 10, ht». 

' Smoluchoinkl, Aim. Phyiift., 1906, 21, 7B6. 

* Burton, Phytiool ProptfrlMv 0} CoUoidal SoJuttoM , ltl6, p. 7B. 
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A compArisoQ of the calculated and observed values ebows that 
they lie within the same order of magiiitnde, though numeri- 
cally they are considerably at variance. 

Other methods of testing the equation depend upon v&rjdng 
separately each of the values for (a) the oscillation period; 
(6) the radii of the particles ; (c) the viscosity of the liquid ; 
and (d) the temperature, while keeping all the other factors 
constant Obeervatione of the movement will then show 
whether or not it varies in accordance with the equation. 

(a) Measurements of the oscillation period have been made 
by Chaudeaaigues.' He employed fifty grains of gamboj^ 
havingadiameterof 2-13 x lO'^cms., and bymaking observa- 
tions at regular intervals of thirty seconds he obtiuned a series 
of relationships between the time and the movement of the 
particles. Now, according to Einstein's equation, the oscillation 
period varies as the square root of the time, so that by taking 
the ratio between the distance moved and the time in the first 
thirty seconds as a standard and calculating the other values 
upon this basis it is possible to see whether the equation holds 
good or not. The following are the results : — 

Time in fleconda 80 60 90 120 

Oburved moTemeul in microns . . 6-7 9'3 11-8 13-95 

Calculated movement ia mlotona . 6-1 9-46 11-6 13-4 

It will be seen from the figures that the agreement between 
theory and observation is extraordinarily close. 

(i) The influence of the radii of particles upon their 
velocity baa also been examined by Chandesaigues.' Working 
with gamboge particles having radii of 4-5 x 10~^ cms. and 
2-13 X 10"' cms,, he found that when other conditions were 
constant the velocities of the particles were inversely pro- 
portional to the radii, as is required by Einstein's equation. 

(c) If the Einstein expression be correct, the velocity of 
the particles should vary inversely as the square of the 
viscosity. This has been tested by Chaudesaigues ' and by 
Seddig ' and found to be correct. 

(d) When the influence of temperature upon the vibration 
is considered it must be borne in mind that change in tempera- 
ture produces an alteration in the viscosity of the liquid of 

> Ohftndeuigaea, Compl. mui., 1908, 147. 1044. 
■ Seddig, P\%»)cal. Ztittch., 1906, 9, 466. 
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the BTstem ; so that both factors must be takes into account. 
If all the other parts of the expression are kept constant, the 
following relationship obvioasly holds good : — 



-/v 



Utilising a fine aUBpension of cinnabar in water, Seddig' tested 
the accuracy of this equation and found that even over wide 
ranges of temperature there was but little deviation in the 
value of the square root, the greatest departure from the 
theoretical valuQ being about 6 per cent. 

It thus appears that the equation represents with consider- 
aUe accuracy the relatioitships between the various factors 
concerned in the Brownian movement. la fact, considering 
that the theory assumes that the particles are rigid spheres, 
which they certainly are not, the agreement between theory 
and practice is extraordinarily good. 

4. TAc brownian Movtment in Gases. 
In ISSl, Bodoezewski made certain obeervations of Brownian 
movements in a gas-Med space ; but he attempted no quanti- 
tative measurements of the displacementa More than a 
quarter of a century elapsed before Ehrenhaf t * recorded values 
for the displaoements of particles ; and even then there was no 
attempt made to measure the sizes of the particles, so that 
nothing definite could be inferred from tlie results. 

The pioneer in the quantitative study of the movement was 
de Broglie,* who utilised, in the first instance, the dust particles 
arising from sn arc or spark passing between metallic electrodes 
and examined their behaviour by illuminating them with a 
beam of light at right angles to the line of vision. Later, he 
employed minute droplete of water condensed upon particles of 
tobacco smoke. 

By placing (he particles between two metal plates oppositely 
charged with electricity, de Broglie found that the particles 
were separable into three seta : those moving towards the 
positive plate, those remaining unaffected and those travelling 
towards the negative plate. 

> Saddlg, Phifiiftal. ZaiUd^, 1906, fl, 166. 
* Ebrenhkft, ^nn. Phynk., 1906, 21. TK. 
■ de Braglle, Cim^. rmi., 1908, 14S, TL, IITS ; 1909, 148. 1316- 
13 
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later work was carried oat by Hillikan using minute drops 
of oil, which are more suitable in many ways.' 

It appears that the absolute diaplacements of a partielfl in 
air and in hydrogen are respectively eight and fifteen timee as 
great as they are in water ; and by reducing the pressure of 
the gas, the displacements can be raised even to 200 times Uiat 
of the displacement in water. Further, the measaremente in 
the case of gases are free from the difficulties involved in the 
case of liquids owing to the presence of factors representing 
the radius of the particles and the viscosily of the medium. 
1 UillikaD, Tk« £lKfron, Chaptet TH. 
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CHAPTER XI. 



1. Introductory. 

Ah examinatioD of chemical pheDomeDa saggesta immediately 
that they represent; two simultaneoUB changes ; an alteration 
in the matter of the system onder consideration and a modi- 
fication of the diatribntion of energy throughout the different 
components of the system. Thus a complete description of the 
reaction between two compounds should include an account of 
their alteratitui in physical properties and also a statement of 
the changes which the energy of the system has suffered during 
the reaction. 

Admitting the reahty of matter, the molecular theory and 
the kinetic hypothesis follow as a natural course ; for by 
means of them it is possible to describe clearly the altwation 
in physical properties which is the result of chemical action. 
Thus the view that matter is real leads almost inevitably to 
the devising of "mechanical models" by means of which it 
is possible to visualise mentally the machinery of chemical 



During the last q^aarter of the nineteenth century, how- 
ever, there grew up under the leadership of Ostwald a group 
of chemiBto whose outlook was different from Uiis. According 
to them, the existence of matter was a mere hypothesis which 
it was desirable to drop as soon as possible ; and the " real " 
factor upon which they concentrated their attention was 
enei^. 

It requires no great power of imagination to see the lines 
apon which these two schools of chemical thought were bound to 
-ptogreas. The school of Ostwald pinned their faith to general 
mathematical expressions by means of which they hoped in 
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time to be able to classify all chemical changes onder certiun 
heads. Curiously enough, Ostwald appears to have been blind 
to the most obvioos consequences of bis main conception. If 
it is dedrable to avoid hypotheses as far as possible, then the 
existence of energy itsdf becomes an undesirable postulate. 
Chmges in matter we can appreciate by means of our senses ; 
bat changes in energy manifest themselves only through the 
modification of matter. When we measure temperature by 
means of a thermometer, the actual subject of our observations 
is the position of matter in a tube ; in the measurement of 
electrical potential oar real criterion is the displacement of 
matter in the form of a volt-meter needle ; whilst oar time- 
measarementa also are based upon the movement of matter 
from one place to another. Upon these measurements, which 
depend upon our senses, we superimpose the hypothesis of 
energy ; and although this bypothesiB is probably a correct one, 
it is none the less a stage further removed from ' ' reality " than 
our material measurements are. Thns Ostwald's attempt to 
dispense with the idea of matter and yet deal with energy is 
almost parallel to the effort of a man to lift himself off the 
ground by tugging at his own coat collar : for it seems illogical 
to measure energy changes by means of matter and then to 
imagine that the results so obtained will hold good if the idea 
of matter be diapeneed with entirely. 

The " atomic " school of chemistry, on the other hand, has 
gone forward from triumph to triumph during the last three- 
quarters of a century. lu 1852, Frankland brought forward 
the conception of constant valency, thereby opening up a new 
field of application for the atomic theory of Dalton. Nine 
years later, Pasteur was driven by his experimental results to 
conclude that chemistry must widen its borders and take 
spatial factors into consideration. The year 1862 saw the 
foundation of the modem theory of chemical structure laid 
by Keku1£ ; ' and since then the gigantic development of 
organic chemistry has furnished ample justification of the 
atomic theory. In 1867, the law of mass action in its turn 
drew strength from the conception of material particles at the 
base of chemical phenomena; and within seven years van't 



1 Couper'B paper {Phil, iiaq., 1858, 16. IM) failed to Attract al 
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Hoff and Le Bel showed that certain properties of matter could 
beet be accounted for by the aasumption of atoms occapying 
definite positions in space. In 1881, van der Waals was able 
to account for the behaviour of highly compressed gases 
on the hypothesis that molecules actually had ascertainable 
Tolumes. 

It is quite correct to say that a theory is " only a theory " 
even though it fits all the known facts ; but the extraordinary 
developments of the Daltonian atomic theory suggest that it 
mast have very firm foundations. At the present day it is 
possible to synthesise a new compound and before synthesising 
it to predict with accuracy its molecular weight, its composi- 
tion, its chemical properties, its refractive index, its magnetic 
rotation, its occurrence or non-occurrence in the optically 
active condition and sometimes even it colour; and all this 
depends upon the acceptance of the atomic thec»'y of matter. 
Nothing of the kind has ever been attempted, much less 
achieved, by the Ostwald school of chemistry ; and it seems 
probable, to judge from some of Ostwald's writings, that he 
was incapaUe of grasping the importance of the facts which 
organic diemistry has bronght to light 

At the beginning of the twentieth century, then, the school 
of molecular reality had practically carried the day ; for thdr 
views found application in all branches of the science, whereas 
the whole field of organic chemistry seemed to be terra 
vacognita to the more devout followers of Ostwald. It was 
evident to any impartial mind that molecular reality, if not 
actually proved, was at least something better than a mere 
hypothesis which might eventually be <Uscredit«d ; and it be- 
came dear that both matter and energy played a definite part 
in chemical changes, so that chemistry could {nvgrees only by 
taking into, account both factors and not by attempting to 
ignore the infiuence of one of them. 

In the present chapter an attempt will be made to describe 
some recent work tending to establish molecular reality upon 
8 still firmer experimental basis ; but before entering upon this, 
it may be well to indicate the exact bearing of the researches 
in question. 

Van't HoflTs extension of the gas laws into the field of 
dilate solutioQ brought the kinetic thecwy to bear upon a 

r,,j,i,r,-i-,.G00glc 



198 SOME PHYSICO-CHEMICAL THEMES 

new braDch of the subject; and ibe experimental work of 
Raonlt Bbowed how wide an appUcation could be given to the 
new ideaa. Since the molecole of cane-sugar, with ita forty-five 
atoms, was found by Raonlt to have the aame influence on 
osmotic pressure as the water-molecule containing only three 
atoms, there seemed to be no reason to assume that an increase 
in molecular weight, even to an indeGnitely great extent, 
would produce deviations from the general rules governing the 
phenomena. 

Now, up to this point, the difficulty of establishing molecular 
reality on a firm basis had lain in the fact that molecules can- 
not be experimentally observed. All that can be done is to 
measure indirectly the efiecta produced by them, as in the case 
of the determination of the osmotic pressure of a given solution. 
If visible molecules could be prepared, direct observation of 
their motion could be made ; and thus the matter would be 
taken out of the field of theory and brought within the region 
of observation. 

The next step was due to Perrin,^ and it marks a very 
great advance in our knowledge in this field. Following out 
the train of thought indicated in the last paragraph, Perrin put 
the question : " Is it possible that the laws of perfect gases 
may be applicable even to visible particles in emntsions ? " 
Since the gas laws are valid in the case of dilute solutions, even 
when the solute is of high molecular weight, is it not possible 
that they may be applicable also to the case of aggregations 
of molecules suspended in a liquid, the suspended masses being 
sufficiently large to permit of their movements being observed 
by means of the microscope ? To test this, Perrin undertook 
his examination of the properties of emulsions with which the 
remainder of this chapter wUl deal. 

2. The Preparation of Emulsions. 
For his investigations, Perrin employed emulsions consisting 
of grains of mastic or gamboge suspended in water. In the 
case of mastic, it was found sufficient to dissolve the resin in 
alcohol and then add water to the solution. Gamboge, when 
treated with water, is dispersed into a swarm of spherical 
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grains of various sizes; and a similar result is obtained by 
using alcohol to dissolve the actual colooring matter of the pig- 
ment and then precipitating the solution by means of water, 
just as in the case of mastic The emulsions thus produced 
were placed in a cenbrifnge, by means dt which the grains were 
thrown down as a sediment, whilst a tinted liquid formed a 
second layer in the tube. The liquid was poured ofi*; water 
was added and the grains were stirred up again ; after which the 
mixture was once more centrifngalised. After several repetitions 
of this process, the supernatant liquid remained quite clear ; 
and the material was ready for the next stage in the work. 

The spherical grains obtained in this way were of very 
different sizes; and since it was necessary to have a homo- 
geneoofi material for the purposes which Perrin had in view, 
means had to be employed which would sift out one set of 
grains from the rest according to diameter. A very lengthy 
and laborious process of "fractional centrifugallsation " 
achieved the desired result. By breaking off the centrifugal 
action before the whole of the suspended material had been 
deponted, Perrin was able to separate the particles into two 
fractions ; and continued repetition of this process led event- 
ually to the production of preparations suitable for his 
investigations. As an example of the tediousness of t^e 
method, it may be mentioned that in order to obtain a few 
decigrammes of a homogeneous material it was necessary to 
start with a kilogramme of gamboge, and the separation 
reqnired several months of work. 

Having in this way obtained a fraction containing grains 
of hom(^;eneou8 size, Perrin proceeded to determine the density 
of these granular masses. Three methods were adopted. The 
first was the ordinary one for determining the density of an 
insoluble powder by filling a specific gravity bottle with the 
emulsion and then, by evaporation of the emulsion, determining 
the mass of the solid material. In the second method, tiie 
assumption was made that the density of the gamboge or 
mastic is the same, no matter what its state of aggregation. 
The solid residue left behind in the first method was suspended 
in water ; potassium bromide was added until the fragments 
of resin neither rose nor sank in Uie liquid; and then the 
density of the sidution of potassium bromide was determined 
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in the osaaJ way. The thu^ method consisted in centrifuging 
the grains in a eolation of potassium bromide of increasing 
concentration until a point was reached where the action of 
the centrifuge failed to bring the grains either to the top or 
bottom of the liquid. The density of the solution was then 
estimated aa usual. In dealing with the same set of grains, 
the three methods gave closely concordant results : for example, 
in the case of some gamboge partidee the densities determined 
by the three methods were respectively 1'942, l^Ol and 1-96. 

In addition to the density it is essential to determine the 
volume of the gruns ; and here, again, Ferrin employed three 
different methods in order to provide a control upon t^e 
accuracy of his results. In the first place, he made a direct 
measurement of the diameters of the grains. When a drop of 
very dilute emulsion was allowed to evaporate on a microscope 
slide, Perrin noticed that the grains of resin ran together under 
the action of capillary forces; so that when the liquid had 
almost entirely passed away, the grains were left in closely 
packed groups side by side, just as small shot Ue on a tray. 
By counting the number of grains in a row and measuring tiie 
total length of the row, it was easy to determine the diameter 
of the particles ; and since the error in measurement was less 
in the case of a long row than it would be in the case of a 
aingle particle, this method had an advantage over a direct 
measoremeot of individual particles. 

The second method devised by Perrin depended upon 
another observation made by him. When gamboge grains are 
suspended in a feebly acid liquid, the particles do not adhere 
to one another ; but when they sbike the glass walls of the 
containing vessel they stick firmly. Thus after a few hours, 
all the gamboge spheres are found clinging to the surfaces 
of the microscope sUde or the cover glass. By counting the 
grains on a given area at leisure the number of them in a 
given volume of emulsion can be found ; and since the strength 
of the same emulsion can be estabUshed by desiccating another 
portion of it and weighing and measuring the volume of the 
residue, it is possible to determine the mass and the volnme of 
each grain present. 

Perrin's third method depends upon the application of 
Stokes' Law. According to Stokee, when a spherical particle 
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falls with a Tmifonn motion under the inflaence of gravity 
through a fluid, its velocity can be expressed by the following 
equation : — 

wherein v is the velocity, r ia the radius of the particle, g is 
the gravity constant, <^ is the visooeity of the fltiid, D is the 
density of the particle and 3. the density of the fluid. By 
observing the rate of descent of the particles of an emulsion 
within a capillary tube in a thermostat, Perria was able to 
estimate the value of v\ and since all the other necessary 
factcHTS in the eqoation are already known, this permits the 
catculation of the radius of the spheres in the emulsion. 

Here again the results of the three independent methods 
show a surprising agreement, as can be seen from the following 
figures which give the diameter in microns of the particles in 
the same emulsion : — 



To appreciate the extraordinarily laborious character of 
the experimental work, it most be borne in mind that certain 
of the measurements involved the counting of as many as 
10,000 grains. 

3. TAe Theoretical DistriinUion of Oas Moleculea in a 
Vertical Column. 

In order to understand the bearing of Perrin's next series 
of investigations it is necessary at this point to torn to the 
behaviour of gases, since bis farther researches were directed 
toward the discovery of a possihle parallelism between gas 
molecules and the particles in his emulsions. 

In a vertical column of air extending upwards from the 
surface of the earth it is evident that the preeaure must diminish 
uniformly as we rise upward along the column ; for the lower 
layers are suffering the pressure of all the remainder of the 
column and tiiis remainder decreases regularly as the column 
is ascended. The law which expresses this redaction in pres- 
sure is very easy to establish. 

For the sake of simplicity, consider the case of a vertical 
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colnmn of gaa having a croas-Bection of unit area and a height 
represented by A. The volume of the gas is obviously A. 
AsBume that the mass of the gas in the column is m. It 
is evident that the ratio between the mass oF the gas, m, 
and the volume of the gas, h, is the same as the ratio be- 
tween the mass of a gramme-molecule, M, of the gas and 
the volume, v, which that gramme-molecule occupies under 
the same average pressure. From this it follows that — 

A.M 

m = 

and since the force acting upon the mass mof gas and tending 
to draw it to the bottom of the tube is gm, where g \a the 
gravity constant, we have as an expression of this force — 
o.A.M 

Now the same force cau he expressed in terms of the pres- 
sures at the top and bottom of the column, i.e., by ^ - p', 
where p is the pressure at the foot and f' the pressure at the 
top. Hence we may write the equation thiis — 
, 3. A.M 

Since jw = RT, the equation may be further modi6ed by 
substituting for ti the value RT/p, in which case it becomes — 
a. A. M . n 

(This assumption only holds good, of course, when there ia 
very little difference between^ and j?'.) 

Rearranging the equation, it takes the form — 



= p(l 



gAM \ 
RT/ 



Now inspection shows that all the factors within the bracket 
are constants except A, so that if A itself be made a constant, 
the ratio between p and p' becomes ccautaut. In other words, 
if the vertical cylinder of height A be placed anywhere in 
the atmosphere, the ratio of the pressures at Uie two ends 
will be constant, no matter at what altitude the cylinder be 
situated. 
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Fin&lly, siace the preastire exerted by the gas is propor- 
tional to the umnber of moleculee present in unit volmoe, 
we may substitute for p and p' the corresponding values n 
and n which represent the number of molecules in unit volume 
of the gas at either end of the column. By this means we 
arrive at the final form of the equation : — 

n' - _ ffAM 
m ' ^ RT 

which will hold good for any particular gas of molecular 
weight M. 

Let us now apply this equation to determine the relations 
between the numbers of molecules in unit volume at different 
altitudes ; and to simplify printing, the equation may be 
written in the form n'/n ■■ A:A. Suppose that the number of 
molecules per unit volume at the sea-level is n ; then the 
number at the height h will be hhn; and at the height 2A 
it will be ft'A%, since for the height 2A the number of 
molecnles per unit volume, n", is given by the equation — 

»" - nick = nkk ■ hh — nJe'h* 

BO that the general expression for the relation between the 
uoraber of molecules per unit volume and the height at which 
they are placed is — , 

n' - n(kh)' 

where x equals the difference in levels divided by A. We thus 
arrive at the final deduction that a linear increase in the 
height of the column corresponds to a geometrical decrease 
in the rmmher of particles at the top, since kh has a value 
less than unity. 

The expression deduced above may be applied to de- 
termine the relative heights of two columns of different gases 
which show equal degrees of rarefaction. The ratio between 
the pressures p and p' will remain the same provided that 
the value of M. A is kept constant. Thus if M, the molecular 
weight of the gas, be diminished, the value of h, the height 
of the column, moat be increased to a corresponding extent. 
For example, if hydrogen and oxygen be compared, since 
the molecular weights of these gases stand in the ratio of 
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1 : 16, it is clear that to prodace an equal degree of rare- 
faction in the two gases the hydrogen column mnat be sixteen 
times as high as the column of oxygen. 

It is now necessary to turn to emulsions again and see 
what modifications are necessary in the equations deduced 
above in order that they may be applicable to this particular 
case — always provided that they are appUcable at all. 

In the first place, the force attracting the particles to the 
bottom of the column in the case of an emulsion ia not the 
same as that which acts in gases, since the particles are partly 
supported by the liquid in which they float. The actual 
force at work upon them is thus not gm but is less than 
this by mgdjl), where d is the density of the liquid and D 
is the density of the particle. Secondly, for the gramme- 
molecular weight of the gas molecule it is necessary to sub- 
stitute the value Nm, in which m is tbe mass of the particle 
and N is the number of molecules in one gramme-molecule 
of a gas. Making these substitutions, the fundamental equation 
becomes — 



?('4>' 



If, on examination by experimental methods, the distribution 
of granules in an emulsion agrees with this formula, then 
it is evident that the particles in that emulsion conform to 
the gas laws ; and, since the granules in the emulsion can 
be seen by the eye, they will form a visible mechanism 
correspondiug to the molecular maohine which hitherto we 
have had to take on trust. Not only so, but since all the 
factors in the above equation are measurable directly with 
the exception of K, it will be possible by observation to 
arrive at the value of this constant. 

4. The Obaervaiion of Enrnlsiom. 
In order to determine the distribution of particles in an 
emnlEdon, two possible methods suggest themselves. The 
most obvious of the two is to place the emulsion in a vertical 
cell, wait till the preliminary disturbance is over and the 
particles have settled down into their normal distribution, 
and then examine the arrangement of the grains through 
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s horizontal microBCope. In tliia way, the emulsion presents 
an appearance like that shown in Fig. 26. It will be seen 
from this picture that the grains are much more densely 
packed at the foot of the vessel than they are at the top, 
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Pia. 36. 
From Limt'M " A. SyilfH of Phytieal Chemislry ". 

and that between these two positions there is a aniform 
dimination in the concentration of the granules. 

This method of observation, however, is not the beat 
possible, as it is difficult to count the grains under these 
circumstances. The scheme actually employed by Ferrin 
can be made clear by an examination of Fig. 27. A drop 
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oE tiie emnlfiion is placed in tlie hollow of a bored-out disc 
which resta on the microscope slide. The npper surface of 
the emulsion is made plane by means of a cover glass. All 
the joins in the glass part of the apparatus are covered with 
paraffin wax to prevent evaporation of the emulsion. A high- 
power microscope having a slight depth of field is placed as 
shown in the figure. Owing to the shallow depth of field, 
the microscope shows only a single layer of grains at any 
particular level, those immediately above and below this 
level being out of focus. In this way, by raising or lowering 
the objective it is possible to examine successively a series 
of horizontal layers of the emulsion ; and by restricting the 
field by means of a diaphragm, Ferrin wae able to count 
the number of grains visible at any moment in the layer 
under examination. The application of instantaneous photo- 



y 



Object -^ss 

PiQ. 27. 
From Lnou'i " A 8ytt»m of Phyiieal C)i»mutry ". 

graphy is also possible ; but the experimental difficulties are 
considerable. Fig. 26 shows the state of affairs in three 
different layers of the same emulsion, the lower layers ob- 
viously containing higher concentrations of granules than 
the upper ones. The distances between the layers can be 
read directly from the micrometer head of the microscope's 
fine-adjustment screw. 

6. Comparison between Theory and Practice in Emulsions, 
From what has already been said, it is clear that the first 
test of the similarity between gases and emulsions will be 
provided by an examination of the distribution of the granules 
at various depths. If the depths are in arithmetical progression 
whilst the numbers of granules in the layers he in geometrical 
progression, then the parallelism between emulsions and gases 
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may be taken as prima fade eetahlished. It will be sufficient 
to give two series of Ferrin's results. 

Using a gamboge emulsion in which the grains had a 
diameter of 0*212 micron and taking readings by means of the 
microscope at four different levels thirty microns apart from 
each other (at 6, 36, 66 and 95 microns above the bottom of 
the vessel), Perriu found that concentrations were proportional 
to the following series of numbers : — 

IiBTel in mlaroiu ... SO 00 90 

Oonoentrktion In lajet . . 100 47 93-6 13 
OeomstncKl progresaion . 100 18 23 111 

The lowest row of figures shows a aeries of nnmbers in true 
geometrical progression ; and it can be seen that the difference 
between this and the series of concentrationB observed is re- 
markably slight. 

Using mastic grains having a diameter of 052 micron, the 
oonceatrations in four layers six microns apart were found 
to be — 

Level In miarona ... 6 13 18 

Cono«Dtn&>n in l>7ei . 1880 940 S80 80fi 

Qeometrioftl progTGMian 1680 99fi 638 380 

Though the results in this case are not so good as in the last, 
there can be no doubt as to the nature of the general relation 
between the altitude of the layer and the concentration of the 
grannies in it. It is exactly the same relation as that which 
holds good in gases . 

Perrin and his collaborators have subjected the matter to 
the moat stringent teats by varying the material of the grains, 
the density and nature of the liquid and the temperature of 
the emulsion ; but in all cases the experimental results are in 
close accord with the theory. 

6. Conclusion. 

By the methods which have been described on the foregoing 
pages, Perrin established aa almost perfect parallelism between 
the movement of visible grains in an emulsion and the invisible 
agitation of molecules in a gas ; but in order to appreciate the 
closeness of the parallel it is necessary to mention here a point 
whidiwill be more folly dealt with in the next chapter. From 
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bis experimental results, Ferrin was enabled to calculate the 
value oE Avogadro's constant K, the number of molecules 
contained in one gramme-molecule of a material Values for 
this constant can also be obtained from a etndy of the pro- 
perties of gases, as well as in other ways ; and in general the 
figures found were ranged between 60 x 10" and 70 x 10**. 
The value calcuUted by Ferrin from the distribution of grains 
in a column of emulaioa is 68'3 x 10**, which is obviously a 
very close approximation to that gained from inveetigations of 
gases ; and this consbttnteB yet another resemblance between 
emnlsion-particles and gas-molecotes. 

An emulsion, then, may be considered to be "a miniature 
ponderable atmosphere" composed of particles which are 
gigantic in comparison with the gas-molecnles. making up our 
own atmosphere but which nevertheless conform to the same 
general laws. 

Finally, Ferriu's work appears to place beyond doubt the 
accuracy of the kinetic theory of the Brownian movement 
The movements of the grains in his emulsions correspond on 
the one hand to the vibrations of molecules in a gas, and on 
the other aide to the flights of colloidal pari^icles undergoing 
Brownian movements. His work does not allow us to am 
the actual movements of molecules; but it permits us to, ob- 
serve directly and to measure accurately the factors concerned 
in a motion which takes ite rise in molecular agitation and 
which conforms to similar laws. The agreement between the 
kinetic theory and the practical results is very much closer 
than there was any reason to expect ; and Ferrin 's work seems 
to have removed the last doubts of most investigators as to 
the aocnracy of the molecular theory of matter. 
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CHAPTER XII. 

AVOaADBO'S CONSTANT AMD HOLBOULAB DIMENSIONS. 

1. The Factor N. 

In 1811, Avc^adro pat forward the hypotheais that under the 
some conditions of temperature and pressure, equal volumes 
of two gases contain equal numbers of molecules. It should 
be noted tiut in this unqualified form, the hypotheais is 
obTioosly incorrect. For example, if the temperature and 
[Mrasare chosen be approximate to those at which carbon 
dioxide liquefies, it is obvious that & litre of carbon dioxide 
under aach conditions cannot contain the same number of 
molecules as a litre of hydrogen at the same temperature and 
f^eflsnre, since the latter is far removed from its critical condi- 
tion and the two gases are not in comparable states. Theoreti- 
cally, Avogadro's hypothesis is strictly applicable only to 
gases under infinitely tow pressure. But since at standard 
temperature and ^o'eesure most gases are far removed from 
their critical conditions, Avogadro's hypotheais serves quite 
accurately enough for all practical purposes. 

The acceptance of the hypothesis suggests a line of speca- 
lation. Since in 22*4 litres of a gas under standard conditions 
of temperatore and preaaure there is always the same number 
(rf molecules, whether the gas be hydrogen or chlorine or any 
other gas ; and since, further, 22-4 litres of gas under these 
conditions always contains a gramme-molecule of the gas ; it 
seems of importance to determine, if possible, what the number 
of the molecules is : for clearly this number is a natural con- 
stant ; and, further, if it can be ascertained, it leads directly 
to the determination of the absolute weight of a given molecule. 
This figure (the number of molecules contained in a gramme- 
molecule of any gas) is known as Avogadro's constant and is 
usually indicated by the letter N. 
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Up to the present, more than a dozen methods have been 
employed to ascertain the value of Avogadro's constant ; and 
it is impossible to enter into the details of them all in this 
place. Only a sketch can be given ; but it will be sufficient to 
bring to light the diversity of the methods and the extraordinary 
concordance among the results which have been obtained in so 
many different ways. 

2. Tht Upper Limit of Udeeula/r Diamettr. 

If 8 thin, continuous sheet of any homogeneous material be 
prepared, it is evident that its thickness cannot be less than 
the diameter of one of the molecules of which it is composed ; 
so that by measuring the thickness of the sheet it ia possible 
to determine the aaperior limit of the molecular diameter. 

In the case of the well-known films of tranaluceot gold, the 
thickness of the leaf is found to be about one-tenth of a micron ; 
which proves that the diameter of the gold atom cannot exceed 
this value and the maximum limit of the volume of the gold 
atom most be less than 10'" c.c. This implies that the maxi- 
mum possible weight of a single atom of gold is 10 ~ " grms. ; 
and since the hydrogen atom is two hundred times lighter 
than the gold atom, the hydrogen atom cannot have a mass 
greater than 5 '0 x 10-" grms. 

Turning to films of liquid, the most f amihar are those found 
in BOap-bubbles. The thinnest parts of these films are in the 
black areas which form just before the bubble bursts. By 
measuring the electrical reeiatanoe and by optical interference 
measurements, Beinold and Bucker * obtained values pointing 
to a thickness of 12 x 10"^ cms. The phenomenon is too com- 
plex to yield satisfactory values, however, apart altogether 
from the inhomogeneoos nature of the soap film.* 

Even thinner films can be obtained by spreading oil upon 
water. It will be remembered that when a piece of camphor 
is placed on the surface of water, the camphor darts about in 
all directions owing to differences in surface tension induced by 
the solution of the camphor in the water. By placing a trace of 
oil upon the water surface, this movement ia inhibited, since the 
layer of oil has a surface toudon lower than that of pure 

' Boinold and Raoker, Phil. Tram., 1886, 177i 627. 
■Johomiot, FkU. Mag., 1B99, 47. MU. 
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water. Bsyleigh atilised this phenomenon as a gauge of the 
presence o£ oil upon a water surface ; and he determined the 
wei^t of the smallest drop of oil which, when placed upon a 
known surface-area of water, would prevent the camphor- 
movement at any part of the surface. From the experimental 
results he was able to prove that the thicknesB of the oil film 
on the water could not exceed two-thousandths of a micron ; 
80 that the diameters of the oil molecules could not be greater 
than this valua 

Devaaz * improved Rayleigh's method by using oil mixed 
with benzene. When the mixture is spread on the water 
surface, the benzene rapidly evaporates, leaving a film of oil 
even thinner than those obtained by Rayleigh. If powdered 
talc be sprinkled on the surface from a sieve and then blown 
across the water, it is found to accumulate at the line of demar- 
cation of the oil film, the area of which can thus be measured 
with accuracy. The thickness of Devaux's oil films was found 
to be little more than a millimicron. 

Perrin* observed that a O'l percent, solution of fluorescein 
shows a uniform green fluorescence in volumes of the order of 
a cubic micron ; so that the mass of the molecule of fluorescein 
is certainly less than the thousandth of the mass of a cubic 
micron of water. Since the molecular weight of fluorescein is 
332, it is dear that the hydrogen atom weighs less than 1/332 
of a cubic micron of water. This gives the approximate mass 
of a hydrogen molecule as less than 10"*' grms; and its dia- 
meter must be less than 26 x 10'^ cms. 

3. Methods Ba$ed u^on the Kinetic Theory of Qasea. 

Before entering upon the methods of determining molecular 

magnitudes by means of the kinetic theory of gases, one point 

must be made clear. Let it he assumed that in the gas under 

examination the molecules have a diameter a. Then obviously 

the bulk of a single molecule will be ^ s" ; and the total volume 
of the whole of the molecules in one gramme-molecule of gas 
will be -g 8*N, where N is Avogadro's constant and represents 

' Devftui, JouT, i» Phyi., 1901, 3. 100. 

* Perrin, Ltt Alomtt, 1913, p. 71 ; AUm», 1916, p. 49. 
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the nnmber of molecules coatsined in one gramme-molecule. 
Kow sappofie that the molecules are spherical. When the^ 
are oompresaed until they touch one another, they will ob- 
vionaly be occupying the smallest possible bulk, but this bulk 



another there will still be interstices between them at certain 
points, just as a heap of shot is a porous mass and not a soHd, 
continuous materiftL Calculation shows that the true volume 
of the molecoles alone must he less than three-fourths of the 
total bulk of molecoles-plus -interstices. The symbol e in the 
expression below was termed by Clerk Maxwell the ideal co- 
efficieut of condensation — 

e-^i.'N ■ . . . . (1) 

As was shown by Maxwell,* the length of the mean free 
path of a molecnle in a given gas under standard conditions of 
temperature and pressure cau be expressed by 

99 AtM\ 

. . . (2) 



7rs»NV2 

where N is Avogadro's constant,' I is tiie length of the mean 
free path and s is the diameter of one molecule. 

The value of I can be obtained from measurements of the 
viscosities of gases in the following manner. From the kinetic 
theory it can be shown that the viscosity of a gas is related to 
the mean free path of the molecules tiius t — 

1 - iSio (3) 

where i} is the viscosity of the gas, I is the mean free path, B 
is the gaseous density, and c is the velo<»ty of the molecules. 
Now in the other expression pv - ^tvc*, also deduced from 
the kinetic theory, we may choose v as unit volume and write 
S instead of the factor mn, since the mass of a gramme-mole- 
cule is proportional to the density of the gas. This gives the 

' Maxwell, OoUtcUd Papert, 2, S48. 

■In bis pftpei, Msxwell ame N to rapreunt the nambei: of molecules in 
1 0.0. of g^. The factor 32,100 is iatroduoed above to make H into Av<^|adn>'a 
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expreasion p - \h<? ; from which by rearrangement we ob- 
tain — 

. = ^/f .... (4) 

Snbstitating tlus value of c in eqoation (3) we find — 



-,^ . . . . (6) 



The value of g can be determined approximately as follows : 
According to the Clauaios-Mossotti theory of di^eetrics,' the 
relation between the dielectric constant, «, of a material and 
the value of t for that substance is given by — 

1 + 2C 
whence it follows that 

According to the electromagnetic theory of light, if n be the 
refractive index of the substance for light of very long wave- 
length, then e ■< fl*; ao that by introducing this value into the 
equation and dividing throughout by the denaity, <2, of the 
substance, we find — 

e ^ »' - 1 1 

3 «» + 2 " (i 

Here n and d are experimentally measurable ; and the value of 
e can be obtained. Further, the fraction j denotea the volume 

actoally occupied by the molecules of one gramme of the sub- 
stance. 

Qoing back to equations (1) and (2) and multiplying them 
together, it is found that — 

22,400(1 = 6c^/? 
and it is evident that since both e and I can be ascertained by 
' OUasias, OMan>ni«il« .IbAatuUungnt, 2> ISC. 
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methods ahown above, the value of e, the moleeol&r diameter, 
can be calculated. Knowing 8, the value of N may be ob- 
tained by substitntion in either (1) or (2). 

Various calculations of molecular magnitudes^ have been 
made, using determinationa of the viscoaitiea of gases as a 
basia. The following figures are given by Rankine — 



1-60 1-71 1-88 i-ai 



Another method, which gives approximate values for the 
diametera of molecules is famished by the application of van 
der Waalfl' equation — 



(p+ «)(V-6). 



RT 



in which the factor h represents four times the true volume of 
the gas moleculea.* The value of h can be obtained from com- 
pressibility measurements. 

Van der Waals' equation can be utilised also in another 
form. By applying it to the critical conditions and treating 
it as a cubic equation with three equal roots, the following 
expressions are obtained for the critical pressure P^ and the 
critical temperature Th : — 

a 8a 

*^« - 276' " 27Rb 

Dividing one equation by Uie other, we obtain — 

Pi ^ 
from which it is evident that the fraction RTi/Pi gives a 
measure of the relative sizes of molecules of different gases.' 

In order to understand the next method of determining 
Avogadro's constant, it is necessary to bear in mind the fact 

■Jeans, fUl. Mag., 1904, 8. 692; Snthsrluid, tbui., 1910, 19, 25; Outh- 
bortBon. ibid., 1911. 21, 69; Rankine. i6id, 1916, 29, 663; Proe. i%. Sw., 
1910, S3, 616. 

'Van dar WaaU, Froc. K. Akad. Welen^h. Aimterdam, 1914, 18, 680. 

* D. Berthalot inaerls a furbher correotioQ in Bojle'i Law, making the 
equation 
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that a gaa when in the neighbonrhood of the critical state ex- 
hibits a pecaliar opalescence which ia termed the critical op&l- 
eaceace. It has been shown by Smoluchowski ^ that this 
phenomenon is dae to the presence of dense swarms of molecules 
in the material, the existence of these swarms being rendered 
possible by the fact that near the critical point (where tiie 
compressibility of the gas is very great) it is possible for the 
density of the gas to differ markedly in closely contigaons 
regions. It has been shown theoretically ^ that when a ray of 
light strikes a small transparent particle of fixed volume placed 
in a medium of different refrangibility, the intensity of the 
light deviated from the particle at right angles to its original 
path is inversely proportional to the fourth power of the wave- 
length of the incident light and directly proportional to the 
square of the volume of the particle and to the square of the 
relative difference in refractive index between the particle and 
the medium in which it floats. Now, in the case of the density 
fluctoations in a vapour, the relative difference in refractive 
index is proportional to the mean variation in density of the 
material, a factor which Smoluchowski has calculated. In- 
serting the value found by him, the intensity i of the light 
diffueed by 1 cc. of the material at right angles to the incident 
rays is given by — 

IT* 1 KT , , ,., , - .., 1 

* - T8 ^ V '^ IT " ^ - ^^^ '^ ^^ 2> '^ : — ^ 



where /tg is the mean re&active index of the fluid for light of 
wave-length \ in vacuo, Vg is ^'^ specific volume of the liqmd 

and -^ represents its isothermal compressibility. Since all 

the factors in this expression are experimentally ascertainable 
with the exception of N, the equation furnishes a means of 
determining Avogadro's constani 

Actual experiments on ethylene made by Onnes and Keeson 
have shown that the method is a practical one ; and the result 
of their work led to the value N - 76 x lO'*, the experimental 
error being about 15 per cent. 

1 SmolnobowtU, AeoA. Set. Cracoie, Deosmber, 1907. 

■ B«jrkn«h, Phil. Hag., 1S81, 41, 86 ; Lorent, (Suvrti, I., 496. 
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As was pointed out by Bayleigh, somewhat umilar con- 
eiderations apply to the blue light which comes to us from 
the sky on a clear day. Here it is assumed that the nitn^n 
and oxygen molecules act as dif&acting centres. Heasnre- 
meatfi made by Brillouin ' lead to the value N — 60 x 10**, 
but these results are probably not without Boarces of error. 

4. The Determination of N from Properties of Emuliions. 
In the last chapter, some account was given of Perrin's 
researches upon the distribution of particles in emulsions ; and 
it was pointed out that he used the equation — 



'-^ 1 



RT 



■(-S> 



in which n and n' are the numbers of particles observed in 
layers separated by a height A ; m is the mass of the particle ; 
D and d are respectively the densities of the particle and of 
the liquid in which it floats ; B and T are the gaa equation 
constantfl; g is the gravity constant; and N ia Av(^;adro'8 
constant. It is evident that when Perrin had determined the 
relative numbers of particles in two layers at different altitudes 
in the emulsion, he had obtained a means of measuring N, since 
all the other facton in the equation were known. The results 
obtained in this way ranged between 65 x 10** and 72 x 10**, 
the average being 68'3 x 10*^. From this it follows that 
the mass of the hydrogen atom is in the neighbourhood of 
liT X 10'* grammes. 

Perrin ' has utilised direct observation of the Brownian 
movement in order to determine Avogadro's constant by a fresh 
method. According to Einstein's theory, if the Brownian 
movement be completely irregular, then the mean square of 
the horizontal displacement of a particle in an emulsion should 
be directly proportional to the time occupied in the displace- 
ment. The same relation holds good, of course, for the hori- 
zontal component of the displacement, which we may term x 
during the time t ; from which it follows that z*/f is a constant 
Mow Einstein has shown that on bis assumptions, the coefficient 
of diffusion D for an emulsion is equal to half this constant, so 

> See Perriii, Lei Alomei, 191S, p. 197 ; Atomt, 1916, p. 189. 
■ Penin, Lei Atomet, 191S, pp. ISO ff. ; Atoms, 1916, pp. Ill, ff. 
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that D - z'/S/. But since Stokee' Law holds good for 
emnlsions, then, if it be assomed that, at equal concentrationa, 
graina and molecules produce equal osmotic pressures, the 
following equation holds good: — 

N •Q^tTf, 

where r is the radius of the grains and tj is the viscosity of the 
liquid in which they floats Equating the two values of D, we 
obtain the expression — 

t " N "aimj 
Thus if the viscosity of the liquid and the radius of the particles 
be known, it is possible to determine N by means of observa- 
tions of the displacements of the particlee in unit times. This 
Ferrin carried out by means of the camera lucida, making 
an enormous number of measnrements with various grains of 
different sizes and materials, and employing liquids of different 
viscosities. The values for N obtained in theee investigations 
varied between 64 x 10** and 80 x 10", the average being 
in the neighbourhood of 70 x lO^K Using an emulsion of 
mercury in water, Zangger ^ arrived at the values — 
N - 63-2 X 10«, 62-4 x 10" and 61-9 x 10»* 

Emulsions supplied Fenin with yet another method* of 
evaluating N. According to Einstein's theory, the Brownian 
movement of rotation — i.e., the spin imparted to the particles 
by molecular collisions — obeys the law expressed in Uie equation 
A' R^ 1 
/ N ■ 47rr*i; 

where A* stands for the third of the mean square of the angle 
of rotation in time t and the other symbols have the same 
meaning as before. 

In order to observe the rotational movement of particles in 
emulsions two conditions have to bo fulfilled. In the first place, 
the particles must be comparatively large ; and secondly, they 
must have markings on their surfaces which will enable their 

■ Zattggai, ZMtteh. CJitm. Aid. EoOoidt, 1911, 9, 216. 
' Perrin, Le* AU>m*i, ISIS, p. 177 ; Atan$, 1916, p. 134. 
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rotation to be measured. These coaditionB were fulfilled by 
certain graioB of gamboge and mastic which Penin prepared by 
running pure water from a spout underneath an alcoholic 
aolation of the resin ; and then allowing the two liquids to 
diffuse into each other. On the border region, spherical granules 
up to 50/t in diameter were formed ; and these grannies had 
certain inclusiona in them which enabled their velocity of 
rotation to be determined with comparative ease. Owing to 
the mass of grains of this size, it was necessary to use a solu- 
tion of urea in which to suspend them, for in water they sank 
to the bottom. 

Observations of the rotational movement of these granules 
and the appUcation of the formula given above led Perrin to 
the value N - 65 x 10«. 

A final method employed by Perrin ' will serve to conclude 
this survey of emulsion properties. Desiring to measure directly 
the rate of diffusion of the grains in an emulsion, he took ad- 
vantage of the fact that when suspended in glycerine, the 
granules adhere to the walls of the vessel as soon as they touch 
the glass. They are thus left in position and can be counted 
at leisure. 

The theory of the method is as follows: Suppose that a 
uniform gamboge emulsion containing n grains per unit volume 
is enclosed by a vertical glass partition. The partition captures 
every grain which is driven against it by the Brownian move- 
ment, so that the emulsion tends to become steadily weaker 
and weaker. If 9t be the number of grains collected on nnit 
surface of the glass, it is evident that this quantity will increase 
steadily ; and that it can be used as a gauge of the coefficient 
of diflusion. Let X* be the mean square (equal to %Qt) of the 
displacement of the particles during the time t which has 
elapsed since the beginning of the experiment. It may be as- 
sumed without much error that each particle has undergone 
the displacement X either towards the wall of the vessel or in 
the opposite direction. The number of grains stopped by nnit 
surface of the wall during the time t is, on this assumption — 

> PeTrin, Let AUm»i. 1918, p. 161 ; lUm, 1916, p. 199. 
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Sabetituting D< for X and aquariDg both aides of the equation 
we obtain — 

. 2 

whence, by reamnging — 

»* . r 
This gives an expression in which all the factors except D 
can be determined; and when this has been found by calculation, 
the aubstitatioD of it in the equation — 

N -Owfj 
permits the evaluation of N. 

Using gamboge grains of radius 0'52/t in an emulsion con- 
taining 7'd X 10" grains per cc. of glycerine, observations were 
made photographically twice daily for several days on the same 
area of the glass wall of the veesel. The examination of the 
negatives and the counting of the grains captured during each 
period led to the value D » 2'3 x 10^^. When this valne is 
substituted in the last equation above, then N is found to be 
within 3 per cent, of 69 x KP. 

Taking the most probable values from his measurements, 
Perrin ' gives the following results : — 

Prom veKlotkl dittiibatioii ot gnins N " 68-2 x 10" 

From Brownun moTament of ttuwlittioD N — OS'S x 10** 

Prom Bvowniui movement of rotatioa N ^ 6fi x ID" 

From diSu^on n 



It must be confessed that the agreements between resulta 
obtained in so many different ways are almost amazing, in 
view of the difficulties which the experimental work presents 
at every turn. The application of the kinetic theory to 
emulsions has been vindicated in an almost unanticipated 
fashion by Perrin's investigations ; and his work has placed 
the problem of molecular reality upon a very firm footing, 
since no other hypothesis serves to explain the phenomena. 

5. TAe Hetirminatitm of N from Badiation Phenomena. 

A full account of the method of evaluating N by means of 
investigations of radiation would necessitate a discossiou of 
> Fenin, Lu Atom**, 1918, p. 166; AUim*. 1916, p. IBS. 
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Planck's quaottim theory, which cannot be given here. Space 
precludes more than the merest outline of the reasoning which 
is employed. 

Imagine a cell so enclosed that neither heat nor light can 
pass from the exterior to the interior or mce versa. In the 
course of time, every point in the interior of this cell will be 
in thermal equilibriam with every other point, so that no 
matter where a thermometer is placed within the cell it will 
always register the same temperature. Consideration will 
show that under these circumstances if a diaphragm be placed 
anywhere within the cell, the quantity of light or heat pass- 
ing through the diaphragm in one direction will be exactly 
the same as that which passes through it in the opposite 
direction. 

Further, if a small aperture were pierced in the wall of the 
cell, any light entering through this hole would be bo dispersed 
by successive reflections from the walls of the cell that it 
would fail to illumine the interior. An example of this in 
practice is to be found in the case of a very high temperature 
furnace, in which the eye can appreuate nothing owing to the 
blurring of details. No beam of light which can be thrown 
into the furnace will reveal anything, because the light beam 
does not return again to the aperture through which it entered. 

This aperture in the cell, then, behaves like a section of a 
totally black body, because it fails to re-emit the light which 
falls upon it from the outside, just as a black body absorbs all 
incident rays. 

The state of stationary equilibriam of li^t or thermal 
vibrations does not depend upon the presence of matter in tiie 
cell ; for a thermometer placed in a completely evacuated 
isothermal compartment would show exactly the same un- 
changeable temperature. 

Now ima^ne that the isothermal cell be filled with sodium 
vapour. Since sodium vapour at a high temperature emits 
the vibration known as the D-line of the spectrum, it. is 
evident that the sodium atoms are in a state of vibration of a 
definite period. The isothermal cell under these conditions 
will therefore contain light which is in equilibrium with the 
atoms. The matter is made clearer if it be assumed that the 
atoms contain resonators with a short period of oscillation and 
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that theae resonators, in their vibrationa, take up firom and 
gire ont to the light exactly equal qiiantitiea of energy. 

But since the whole interior of the isothermal cell is in a 
state of equilibrium, it follows that in this equilibrium must be 
inclnded the vibrations of the atoms in space. Thus on the 
one hand a sodium atom is in thermal equilibrium with the 
light vibration and on the other it is in thermal equilibrium 
with the other sodium atoms id the vessel ; so that the mean 
energy of oscillation most be the same as if it were solely 
enstained by the impacts of the gaseous molecules ; for other- 
wise a kind of perpetual motion might be possible. 

If ordinary ccaiditious are supposed to prevail within the 
isothermal cell, it ia clear that the kinetic enei^ of oscillation 
of the gaeeoos particles can be deduced from the usual 
eqoatione — 

PV - RT = gm»c* 

from which it can be shown that the mean kinetic energy of 



tains nothing relat»ng to the period of vibration, it is evident 
that, under the atsamptiona we have made, the wave-length of 
the light in the isothermal cell should have no relation to the 
" density " of the light present, this density factor being a 
measure of the conditions in the cell. 

In actual practice, however, it is found that the density of 
Uie light varies inversely as the fourth power of the wave- 
length of the light ; and Uie equation of Planck — 

»,-^.E . . . . (A) 

apparently expresses the state of aSairs correctly. Here ai, is 
the density of the light for a given wave-length X ; and E is 
the mean energy of the oscillators. Now, when the wave- 
Iwgth becomes very small, according to this equation, the 
radiation ahoold increase — which is exactly the reverse of the 
experimental results. By experiment it is found that the 
radiation density becomes infinitely small for very short wave- 
lengths ; which implies that when the frequency is very high 



D,g,l,..cbyGOOglC 



323 SOME PHYSICO-CHEMICAL THEMES 

the mean energy of the oscittators must also become ezlxemely 
small. 

This conflict between theory and practice arises from the 
fact that it has been assumed tacitly throughout that the 
energy of the oscillators varies continuously. If, instead, it 
be postulated that the energy alters discontiraumsly — i.e., that 
there are "grains of energy" just as there are atoms of matter 
— a mathematical treatment of the problem ^ain becomes 
possible. Each oscillator then has to cope with n " grains of 
energy" (or quanta, as Planck terms them) where n is always 
a whole number. The value E of this " grain of energy " 
depends upon the oscillation-frequency, v, of the oscillator and 
may be expressed oa hv, where A is a universal constsnt known 
as Planck's constant. 

Making the assamptione of P]anck, it can be shown that in 
order to attain statical eqnilibriam between the radiant energy 
and the kinetic energy of the molecules within the isothermal 
cell the following relationship must hold good : — 



E 



. ca(«""** - l)-' 



in which N is Avogadro's constant, T is the absolute tempera- 
ture, \ ia the wave-length of light (l/c) and c is the velocity of 
light. By modifying this in accordance with equation (A) 
above, we obtain — 






Now, in this equation, everjrthing is measurable except 
Avogadro's constant and Plant's constant k ; and these can 
be calculated from the results of two experiments in which 
either T or \ is varied. 

In this way it has been found that A -> 62 x 10"*^ 
electrostatic nuita ; whilst N - 64 x 10**. 

6. The Determination of N from Charges on Gaseous Ions. 

The principle of this method is easy to nnderstand, though 
the experimental work demands the utmost refinement. The 
following will suffice to make the modus operandi clear : — 

The current required to deposit a gramme-atom of silver 



D,g,l,..cbyGOOglC 



MOLECULAR DIMENSIONS 213 

from the solation of a silver salt ia easily determined. This 
current evidently represents the charge on a monovalent ion 
multiplied by the number of molecules in the gramme-mole- 
cule of the silver salt used ; so that it can be denoted by Ne 
where e is the charge carried by one monovalent ion. If, now, 
the value of e can be ascertained by some other method, it is 
clear that the factor K can be determined. 

Various methods of determioing e have been employed ; ' 
and it will be sufficient merely to indicate the outlines of two 
of them. By means of Wilson's dnat-counter,* it is possible 
to produce a cloud of minute drops, each of which is gathered 
round an ion which has been produced in the vapour previous 
to condensation. By utilising Stokes' Law, the radius of the 
drops can be calculated ; and therefore the weight of a drop 
is known. From this, the number of drops per c.c. of gas 
may be found ; for we can determine the weight of the cloud 
contaiaed in one cc. The total charge on one cc. of the gas 
can be determined by an electrometer. Dividing the total 
charge by the number of drops, we obtain the charge on a 
drop. In the case in which the charge on the ion was greater 
than «, it was found always to be a multiple of e, no fractional 
values being obtained. This seems to establish the corpas< 
cular nature of electricity. 

More exact methods were evolved later. The main 
difficulty in the earlier methods lay in the fact that Stokes' 
I«w is not accurate when applied to the case in point ; hut 
in Millikan's experiments oil drops from a vaporiser were 
employed, which agreed better with the requirements of 
Stokes' equation. The use of oil excluded errors due to 
evaporation whidi were a drawback in the case of water 
drops ; and the diameter of the oil drops was much greater 
than that of Uie water drops. Millikan employed the method 
suggested by H. A. Wilson, in which the charged drops are 
placed under the influence of a known electrical fleld. If t> be 
the velocity of the cloud falling under the action of gravity and 
r' be the velocity of fall when subjected to the influence of an 
electrical field of intensity X, then for a drop of mass m and 

■Sea TownMiia, SUi^rie^ in Qattt, Ohftptor Ttl.; Millilcan, The 

* O. T. B. WitooQ, Phit. 2VaM., 1897, A, 18B, 966 ; ISM, A, 192, W3. 
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chftrgd e, the gravitational force acting on the drop is mg 
and the electric^ force is X«. From this it follows that — 

tj' " mgr + Xe 

and since all the valaee except e are known, the charge can be 
foond. 

In Millikan's experiments, the apparatus was so refined 
that a single oil drop could be kept in the field of view for a 
number of hoars at a time, the gravitational pull being in this 
case counteracted by the action of the electrical field. 

The valae of the charge e was found to be 4*9 x 10'", which 
gives the figure N - 59 x 10^ for Avogadro's constant by the 
method outlined above. 

7. Methods Depending upon BadioacHve Properties. 

The methods of applying the phenomena of radioactivity 
to the problem of Avogadro's oonstant are in prindple very 
similar to those mentioned in the foregoing Becti<m, since they 
depend upon the establishment of the value of e, the charge 
carried by a gaseous ion. In the present case, however, the 
gaseous ion is fmrushed by radioactive sources and takes the 
form of Uie a-partiole. 

It ia obvious that two figures have to be determined : the 
number of o-partides concerned in the experiment and the 
total charge which they carry. The methods of counting 
depend either upon the scintillations produced by the impact 
of the particles on a zinc sulphide screen or upon the fact that 
t^e passage of an a-partide ionises a gas through which the 
particle travels. 

When an a-particle traverses any gas, the collisions with 
the particle ionise the gas and make it capable of conducting 
electridty. Thus by forcing ihe particle to pass through a 
gas at low pressure and between electrodes charged nearly to 
sparking potential, an electrometer in the circuit will be affected 
by the iooisation although the passage of the a-partide alone 
would not suffice to influence the instrnmeut. By using a 
string galvanometer,* Rutherford and Qeiger were able to 

* The oflMt is bo great thkt even hi onlinuy eleotrometer cui be uied. 
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detect and count the particles passiDg through this app&ratas.' 
In this way' they found that the number of a-partidea 
expelled per second by one gramme of pure radium is 
8-4 X 10'». 

Regener * determined the number of a-partidea by allowing 
them to impinge upon a zinc sulphide screen and counting the 
Bcintillatioos thus produced. Hia method is simpler than the 
electrical one ; bat it gives no proof that a scintillation m 
produced by a single o-partide. The coutarol of the dectrical 
method, however, enables ua to say that this is the case. 

Knowing the nnmber of a-particles entering a receiver in a 
given time, it is only necessary to measure the charge accumu- 
lated in the receiver in order to determine the cbarge on each 
particle. This was done by Butherf ord and Qeiger * by means 
of a special apparatus which avoided error due to the presence 
of ^ and other rays. 

The values obtained by these investigators for the charge 
on the o-partide waa 9"3 x 10" ; and since the particle carries 
two charges, this gives e » 4'66 x 10'". The value of X 
calculated from this datum is 62 x 10**. 

The radioactive aubstances provide a second method 
whereby N may be ascertained. Boltwood and Kutherf ord * 
meaaured the volume of helium liberated per annum by one 
gramme of radium (in equilibrium with its disintegration 
products) and found it to be 166 cubic mm. This corresponds 
to 39 cubic mm. per gramme of pure radium per annum. 
Now, since there are (60 x 60 x 24 x 365) seconds in the 
year and since in each second there are 3'4 x 10"* o-partides 
ejected by the gramme of radium, it ia dear that 39 cubic mm. 
of helium contains (60 x 60 x 24 x 365 x 3*4 x 10'**) hdium 
atoms; from whidi it follows that 22'4 litres of helium 
contain — 

60 X 60 X 24 X 365 x 3-4 X lO" x 22.400 „„ ,^, 

0^ra9 62 X 10" . 

■Batherfoid uid Oeign, Proc. IU>^. Soc, 1908, A, 81. HI ; Phviiftoj. 
f!n(«(A., 1909, 10, 1. 

*For inll experimenlAl detalla bob Batherford, AadtoacMM jSu4«((1mm and 
tMr AodfotioM, 1913, p. 199. 

■BagoDer, Vtrh. i. dimlwh. Phv<- &«*•• 1908, 19. 78, SOI. 

* BatberfoTd ftnd OeiRer, Proa. Boy. 3oc., 1908, A, 81. 1B3. 

* Boltwood Mid Rutherford, Phti. Man., 1911> ffi. 686. 
15 
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ThuH thia method yields N - 62 x 10" for Avogadro'e 

COOStAHt. 

The loea of the a-partide involves the hreakdown of the 
radium atom in which it takes its origin; and this change 
furnishes yet another means of determining N. From the 
rate of decay of radium, it can be calculated that of N 
radium atoms, the number which disintegrate per second is 
N X H>9 X 10"". This number must be equal to the number 
of o-patticles ejected per second by one gramme-atom (226 '4 
grms.) of radium. From the figures given above, this number 
is 226-4 X 3-4 x 10'*. Therefore— 

226-4 X 3-4 X 10"> 
109 X 10-» 

This gives the value of N as about 71 x 10". 

Prarin ' baa suggested a method of determining N which 
is based upon Uie conversion of the kinetic energy of the 
o-partiele into heat and the eaUmation of N from the heat 
emitted by radium. His method, since it takes into considera- 
tion only four series of o-particles instead of the full total of 
five, leads to a result whidi is probably too low, N = 60. 

8, T}\fi Diaianea of Atoms in Orystalt. 

Hitherto in this chapter, attention has been concentrated 
upon molecules existing in the gaseous or liquid condition ; 
but for the sake of completeness it may be well to give some 
information with regard to the relations in crystalline sub- 
stances.* 

In the structure of a crystal, the atoms are believed to be 
regularly arranged in a series of parallel planes, the whole 
system making up what is termed a space lattice. In the 
space lattice, the environment about every point is the same as 
that about every other point in the system. 

In Fig. 28, the lines PQ, RS and TV represent the edges 
of three parallel planes containing atoms in a crystal . The 
heavy lines AB and CO represent a pair of incident X-rays 
travelling as shown by the arrows ; and the line FX represents 

' ParriD, Le* Alomtt, 1913, p. 868 ; AUmu, 1916, p. 208. 
■For full iDfoniution on this labjMb we Sr W. H, Bragg, Xrapa and 
Crystal Struetan, uid W. L Bngg, Sdma* Progreat, 19S1, U, 46. 
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the path of rays reflected from atoms at F and B respectively. 
Prodoce OF to G. The point Q is obviously the image of B in 
the plane BS. Craw BD from B perpendicular to CO. Then 
in t^e figure FB = FG ; and the angle ABP = the angle DBG. 

Now consider the distf ces travelled by the X-rays passing 
to X from A and C. In the one case, the path is AB -H BX ; 
in the other case it is CF -i- FB + BX. Cancelling out the 
common part BX and sabetituting CD for AB and FO for FB, 
the difference between the two paths is clearly DG, which may 
be expressed as 2(j sin 6. 

Suppose that the wave-length of the X-ray used in the 
experiment is X. . Then if the value 2(2 sin i9 is exactly 
equivalent to X, the ray from F wilt reinforce the ray from B, 
both being precisely in the same phase. The same will hold 
good generally, provided that — 

nX •- 2(2 sin 6 




If, on the other hand, the distance DG (i.e., the difference in 
length of path of the two rays) is not an exact multiple of the 
wave-length of the rays, then interference between the vibra- 
tions will take place and the combined effect of the two rays 
will be weaker than in the previous case. 

By means of Bra^s X-ray spectrometer, it is possible to 
determine the wave-length, X, of the X-ray employed and also 
to measure the glancing angle 6 which secures the reinforce- 
ment of <me wave by the other. 

Let us assume that these measurements have been made in 
the three primary planes of a crystal in which the planes are 
separated by the distances d^, d, and d^ according to the 
direction in which we make the measurements. (In the case 
of the cubic crystal, obviously, dj = dj = d,.) From these 
determinaUoos, it is possible to establish not only the form- of 
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the tiny parallelepiped containing the diffracting centre bnt 
also its volume, since d = X/2 ain 6 and d^ ■>( d^ -x d^ = the 
volnme of the parallelopiped. 

The following table ' ehowe the relationships between the 
distances separating atoms of metal and halogen in a series of 
crystals having the same stracture as potassium chloride : — 





Na. 


K. 


Rb. 


V . . . 


a-88 


3-73 




CI . . . 


2-81 


8-18 


3-aB 


Br . . . 


a-97 


8-28 


3-H 


I . . . 


9-33 


3-62 


3-66 



The distances are expressed in Angstrom units (1 A.U = lO"* 
cms.). 

It will be seen that when chlorine is replaced by bromine 
or bromine by iodine, the distances between the atomic centres 
are increased by approximately the same value throughout tJie 
series of compounds ; and the same holds good when potassium 
is substituted for sodium or rubidium for potassium. Similar 
relationships appear to exist in other series of compoonds. 
Thus the substitution of sulphur for oxygen increases the 
intra-atomic distance in a number of compounds; and, 
curiously enough, the value of this increase is the same as that 
which results from the replacement of fluorine by chlorine. 
Thus in two adjacent groups of the Periodic Table a certain 
parallelism is to be found. 

8. Conclusion. 

In the foregoing sections of this chapter, an outline has 
been given of some of the methods by means of which it is 
possible to evaluate Avogadro'a constant; and from this 
survey, two points emerge with clearness. In the first place, 
the problem is one which is approachable from many aides and 
which can be attacked by methods differing from each other 
not only in experimental details but in fundamental principles. 
Secondly, the results obtained by all these different methods 
show a concordance whidi is nothing less than surprising. 
The table given by Ferrin * brings this out most strikingly : — 

' W. L. Bragg, Bcimee Progrtu, 1921, 16, U. 

* Penin, Lm Atomet, 1913, p. 289 ; Atoms, 1916, p. 306 (modified). 
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PhMiomeiui ob«arv«d. 



Tisooeit; ol gues 

(DUtribatioD of gnune 
iJI&T"" ; 
Diffusion 

CriUcKl opdeBoauce 

The bine of the stay 

The blaok bodj Bpeotruni . . . . 

Chuged drops in a gas . . . . . 

(Ohugeiprodaoed 
Helium ubenled 
BudlDin dUlntegnted 
Energy ittdlatad . 



It may fairly be said that the reality of molecules is de- 
finitely established by this wonderful series of concordances ; 
for if molecular reality be rejected, it would be hard to devise 
any new simple hypothesis which would serve to account for 
the results obtained in so mauy different fields of research. 

But apart altogether from the problem of the structure of 
matter, the subjects dealt with in the present chapter suggest 
something. As Perrin' points out, even if the atomic 
theory be eliminated, none the leas the relationships between 
the various phenomena which have been established above 
remain firm. "For instance, by eliminating tiie molecular 
factor in the equatiooa for the black body spectrum and the 
Brownian movement of diffusion, we arrive at an expression 
which will enable us to predict Uie rate of dlfiiision of spheres 
of one micron in diameter through water at ordinary tempera- 
tures, provided that we have made measurements of the 
intensity of yellow light emitted from the month of a furnace 
containing molten iron. Consequently, the physidst, by ob- 
serving the furnace, will be able to discover any error in the 
microscopic investigations of another observer engaged in the 
examination of an emulsion." 

The most accurate determination of Avogadro's constant 
appears to be that of Millikan,^ vu., N = 6062 x W^ with 
an error of ± 0'012 x 10". By assuming this value for N, it 
is possible to calculate the mass of any atom which may be 

■ FBRin, hn Abmiet, 1918, p. 390; Atonu. 1916, p. S07. 
' Miminui, Phyaikal. Zeitach., 1918, 14, 79C 



D,g,l,..cbyGOOglC 



J30 SOME PHYSICO-CHEMICAL THEMES 

required. For example, since the hydrogen gramme-molecule 
wei^iB two grammes and contains 60*62 x 10^ molecules, the 
actaal weight of a single hydrogen atom must be — 

The weights of other atoms are obtained by multiplying this 
value by the atomic weight of the element in question. 
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ADSORPTION. 



1. Sorption, Absorption and Adsorption. 

It was ehowii by Chappois > in 1881 that charcoal has the 
power of taking up gases with which it is placed in contact ; 
and that by this process an equilibrium is set up, the quantity 
of the gas taken up by the charcoal being dependent upon the 
pressure of the gas. Later work ' has confirmed this obeervation. 
At first si^t, the pheaomenon appears to be similar to those 
which are classed under Henry's Law ; but closer examination 
proves that the two cases are not exactly alike. The following 
figorea will serve to show the difference. They refer to the 
case of charcoal and carbon dioxide at 0' C. The pressure, F, 
of the gas is given in millimetres of mercury; x represents 
the concentration of the gas in the charcoal ; and if Henry's 
Law were obeyed, obviously i/P should be constant. 



P. 


- 


T- 


^■ 








0-31 


as-i 


077 


0<B6 


0-26 


137-4 


0-46 


(W)10 


0-26 


iie-1 


2-02 


OiDW 


0-27 


asa-e 


2'4e 


o-oca 


0-26 



The figures show clearly that the quantity of carbon dioxide 
taken up by the charcoal is not proportional to the pressure of 
the gas, as Henry's Law requires, but is actually related to 
the cube root of the gaseous pressure ; for the figures in the 
last column are practically constant. 

■Homfn;, Froe. Boy. Soe., 1910, A, 84. 09; Tilofl, Zeittelt. phytihal. 
Chtm., 1910, 74, 641 ; we ftlso WiUlams, Proc. Boy. 8oc. JBdin., 1919, 96. SffI, 
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ThiB daviaticm from Henry's Law goes to prove that in 
this case the process is not one of solution, since that law holds 
good even in the region of solid soLutions. The most obvious 
explanation of the phenomenon is arrived at if it be assumed 
that ve have to do with a " surface effect " and Uiat the char- 
coal has the power of condensing the gas upon its surface in 
some way. 

This hypothesis is considerably strengthened by the results 
of farther investigatiooa.' In studying the behaviour of 
hydrogen in contact with charcoal, McBun found that the 
process took place in two stages. In the first stage there is a 
rapid imbibition of the hydrogen, which is followed by a 
slower process of the same kind. The explanaUon of tiiis 
appears to be that the first stage represents the rapid condensa- 
tion of the hydrogen upon the surface of the charcoal, whilst 
the later stage corresponds to the slow difiusion of the gas 
into the pores of the charcoal structure. 

It ia convenient to be able to distinguish between the 
phenomena; and adopting McBain'a nomenclature, we may 
speak of the surface effect as adsorption and the diffusion into 
the charcoal pores as absorption ; whilst to the joint effect of 
the two the name sorption may be given. 

With absorption we need not deal here. The remainder of 
the chapter will be devoted to a consideration of the pheno- 
mena of adsorption. 

2. The Surface Factor. 

From what has been said above, it is evident that in ad- 
sorption phenomena the exposed surface of the adsorbing 
material plays a prominent part; and at this stage it may be 
well to deal with one or two points which bear upon this 
field. 

The first matter of importance is the rapidity with which 
the surface of a material ia increased by repeated subdivision. 
Imagine a cube, each side of which is a metre long. The total 
superficies of the cube will be 6 sq. metres. If the cube 
be now divided into a seriee of smaller cubes, each having a 
side 1 cm. in length, there will be a million of such cubes, 
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each of which will have a snperficieB of 6 sq. cms. ; so that 
the total superficies will be 600 aq. metres. Thus, owing to 
the expoeure of fresh surfaces, the superficies has been in- 
creased one hundred times, although the volume remains 
oonstant 

This suggests that the surface development in any material 
might be ganged by the ratio between the volnme of the 
material present and the aarfdce which it exposes ; and Wo. 
Oetwald > suggested the name sp^fic surface to denote this 
reUtionship in any particular case : — 

Total BOperficies a -a 1 
Total volume " ^"^^" *"^'"* 

Now, in order to divide any material, energy is requit«d ; 
and when the end-prodncts of the division are very tiny* 
(as in the case of a liquid split up into minute globules) the 
energy is stored up in the form of surface energy. The 
surface energy may be represented as the product of the 
surface area and the surface tension of the matraial in question. 

Thus in colloidal solutions, where the state of division 
is extremely fine, it is clear that we shall have to take into 
consideration both the specific surface and the surface energy. 
But these factors are not the only ones which require ex- 
aminaticm. As has been made clear in a previous chapter, 
the particles in a colloidal solution carry electrical charges ; 
and these charges will exercise some influence upon the 
behaviour of the colloid. Now it is well known that the 
preeence of electrical charges upon a contractile surface pro- 
duces an increase in the area of the surface, owing to the 
charges repelling each other and thus tending to move as 
far apart as possible. The mercury in a capillary electro- 
meter fumishes a familiar example of this phenomenon. In 
the case of a charged colloid, therefore, it might be expected 
that the presence of an electrical charge upon the surface 
would act against the surface tension of the material and 
produce, if passible, an increase in the area of the surface 
of the particles. 

> Wo. OftwMid, OruHdriu d, SoUoidehtmie. 1911, p. 29. 
* UnltM the apeelflo nufMfl li »t le«Bt 10,000 the sotImc energy ia *o small 
M to be oegligiUe loi pnotic&l patpoMs. 
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Further light is thrown upon the qnoBtlon of surface 
f^enomena when the case of solutions is considered. Every 
free liquid surface tends to dinuoish \\& energy as far as 
posaihle. For example, a small drop of mercury will assnme 
the spherical form because in the sphere the ratio of volume 
to surface is the greatest possible; so that by rearranging 
itself into a sphere, the mercury reduces its surface and con- 
currently ite surface energy. 

In the case of a solution, the liquid may diminish its 
energy in two separate ways. In the first place, it may 
behave like mercury and reduce its surface as far as possible 
by contraction. Secondly, it may suffer a reduction in surface 
tension by altering the concentration of the solutiui in the 
surface layer at the expense of the remaining solution. Thus 
we may expect to find that the concentration of solute is 
different in the surface layer (surface concentration) than it 
is io the remainder of the liquid (volume ooncentratioQ). 

The relationship connecting concentration and surface 
tension has been derived in various waya,^ of which tiie fol- 
lowing seems the simplest. Let w be the surface area of a 
solution which contains one gramme-molecule of the solute 
in excess of the concentration in the main bulk of the solution ; 
and let o- be the surface tension. Assume that a very small 
quantity of solute x enters the surface from the solution and 
reduces the surface tension by da. The energy corresponding 
to this is "wia: and this quantity of energy must obviously 
be equal to that which is required to remove the same quantity 
of solute X from the solution. This latter qnantity of energy 
is obviously the energy required to overcome the osmotic 
pressure produced in the solution by the given quantity of 
solute X. Let v be the volume of the solution which con- 
tains unit weight of solute and let A'p be the difference between 
the osmotic pressure before and after the removal of the 
solute quantity x\ then the energy employed is vip, Sinoe.^ 
the two quantities of energy are equal, and opposite in sign, 
then 

wda + vdp = 

'OibbB, Triini. ConMcticat Jcadfmy, 1876, 3i 499; J. J. Thomaoa, 
^jfplioatMni 0/ Dynomici {a Phytia and Ch«mutry, 1B8S, p. 190 ; FmukUicb, 
2«ibc)t. pyvyiikal. Chem. , 190T, 67, 386 ; Uilner, Phil. Maq., 1907, 13, 96. 
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Now, if tbe sohite be aapposed to be ondiRsociated and 
the solution be a dilute one, tbe gas lairs will apply to it 
and we can write BT/p instead of v, whicb yields the foU 
lowing equation : — 

dff _ _ RT 
Ap tvp 

Since tbe osmotic preaanre p is directly proportional to 
the concentration, e, in the solution, we can substitute c for 
P in tbe equation, thus obtaining the expression — 
d^ _ RT 
dc ew 

Now, since w represents tbe surface which contains one 
gramme-moleciile of tbe solute in excess of tbe solute con- 
tained in the main bulk of the solution, the excess of solute, 
w, in unit surface is 1/w. Substituting this value in tbe 
last equation we get the result— 

c da 
^° " mde 
From this equation it is evident that if ir is increased 
with increase in concentration, u is negative, i.e., the pro- 
portion of solute will diminish in the surface layer and in- 
crease in the main body of the solution (negative adsorption). 
Conversely, if o- diminishes with increase of concentration, u 
is a positive quantity and the proportion of solute will increase 
in the surface layer (positive adsorption). The latter is the 
more common of the two phenomena. 

If the equation is to be applicable in tbe case of electrolytes 
in solution, van't HofTs factor i must be introduced, making 
the expression — > 

6 da 

Since no aasumption has been made with regard to tbe 
nature of the surface, the formula should be applicable to 
the boundaries between any two materials, whether they 
be solids, liquids or gases.* 

As is frequently tiie case with general formulfe, the equation 

* Exolndiim, of coatu, sncta oum u two miaoible liquids or two gBMS, 
where there iB no boimdtu; snrtkce. 
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deduced above holds good qualitatively ; but does not appear 
to represent the results actually obtained by experiment ; for 
in experimental processes many factors interveue to complicate 
the proUem. 

The most striking of these factors is the difference found 
between what are termed the " static " and " dynamic " surface 
tensions of certain liquids. When surface tension is determined 
by measuring the rise of liquid in a capillary tube, the weight 
of a hanging drop or the curvature of a liquid surface, it is 
clear that the surface in question is " static " at the time of 
measurement ; but if the surface tension be ascertained from 
oscillating jets, or oscillating drops, there is a continual change 
in the surface. In the case of a pure liquid this has httle 
influence; hut when solutions are under examination, the 
change in the surface concentration influences dynamic methods 
of determination and usually leads to the result being lower 
than that obtained by statical methods, as the following figures ' 
show : — 

Smhc* Taiialan. 
Dfumio. Static. 

Water 76 76 

Sodium olMte aolutioD 26 70 

HeptjUo Mid MlatJon S4 66 

Sodium snlphAle aoluUon .... 7!'6 75-6 

A qualitative proof that the surface concentration differs 
from the concentration in the main body of the liquid was 
furnished by Zawidski * in the following way : The solution 
to be examined was mixed with saponin, which has great 
froth-producing power, and analyses were made of the per- 
centage of solute in the bubbles of tiie froth and also in the 
non-frothing part of the liquid. The differences in concentra- 
tion between the two were found to be ccsisiderable ; and 
since the surface of the hubbies is enormous in comparison 
to the volume of liquid in their films, this result shows con- 
clusively that the surface concentration cannot be tJie same 
as that of the remainder of the solution. Similar results 
were obtained by Benson* and Milner.* 

> Tajrloc, ChemMbF% ofColloidi, 1916, p. 231. 
■ Zawidski, ZeiUeh. pkyMtkaL Chsm., 1900, 35, 77. 
' Benaoii, /. Phytie<U Chem., 190S, 7, 639. 
• Milner. Pkik Mag,. 1907, 13, 96. 
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3. The Phenomena of Adsorption, 
From what has been eaid in the foregoing aectiona, it will 
be clear that the boundary between two heterogeneous phases 
is remarkable for an unequal distribution of material. For ex- 
ample, when a piece of charcoal is placed in a vessel of carbon 
dioside, the charcoal adsorbs the gas and the pressure of carbon 
dioxide at the surface of the charcoal is different from the 
pressure in the main body of the gas. In its most general 
form, adsorption may be regai-ded as a process whereby one 
material is held at the surface of another without any chemical 
reaction taking place between the twa 

Since adsorption may be expected wherever two hetero- 
geneous phases lie in contact with one another, the following 
systems suggest themselves as being capaUe of experimental 
investigation: (1) gas-solid; (2) gas-liquid; (3) liquid-soUd; 
(4) twonon-miscibleliquids. Here the term "liquid " includes 
solutions. These various classes may best be dealt with by the 
examination of practical examples ; so that course will be 
followed in the remainder of this section. 

1. Gas-Solid Systems. — It has been found that in the case 
of charcoal, different gases are differently adsorbed, the ad- 
sorption being greatest in the case of easily Uquefiable gases, 
as the following figures ' show : — . 

Volume of Oiua Adsorbed by 1 Vol. of Chareoal at 12° C. and 734 mm. 
Ammoua .... 90 O&rbon monoxide . . 9'43 
'H.ydzogtta lalphida . 66 NJttogen . . 6'fiO 

Sulphar dioxide . B6 HTdiogeo . .1-36 

The relationship between sdsorptive power and heat of 
adsorption is shown in the following table ; — 



Qu. 


Volumo 
Ad-orbed. 


H«tor 


Hydrogen chloride 
Snlphur dioxide . . . 
Nitrout oxide . . . 
Cubon dioxide . . . 


178 
166 
166 
99 
97 


2Ti 
168 
169 

16B 1 



The figures ^ represent the volumes of the gases adsorbed 

■ SanwoM, aUberft Ajmalm, 1314, 47,'3, 18. 

' Favre, Compt. Ttnd., 1861, 38. 739 ; Ann. Mm. phyi., 1S74, 1, 309. 
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by 1 c.c. of charcoal at ordinary temperatnres and th« heats of 
adsorptioii in calories per gramme of gas. 

As might be expected on theoretical grounds, a rise in tem- 
perature reduces > the adsorptive power of charcoal. 



Chu. 


Volmna Adurbad 
»t - 186- C. 


VolnoM Adaorbed 


iSS,°: : : : 

O^gen .... 

ffl;„ ; ; ; : 


36 

166 
260 
176 

16 


4 
16 
18 
12 

a 



Owing to the great differences in the volumes adsorbed at 
low temperatures, it is possible to utilise adsorption as a means 
of separating the inert gaaee from the rest of the constituents 
of the atmosphere. In the adsorption of gaseous mixtures, 
however, the relations are not quite so simple ; since the equi- 
librium has to include all the gases present, and the relative 
quantities of each adsorbed will be dependent upon the partial 
pressure. 

The conditions of equilibrium between a gas and an ad- 
sorbent solid are simply expressed in the equation — 

^ I 

— = op" 

where x is the amount of gas adsorbed, m is the quantity of 
adsorbent material, p is the pressure of the gas in the space 
above the adsorbent, and a and » are constants for a given gas 
and a given solid. 

Since x/m represents tbe concentration, C], of the gas on 
the adsorbent material and C^ = I/p represents the concentra- 
tion of the gas above the adsorbent, tbe equation can be written 
as below, where y is substituted for 1/n: — 






-■ constant 



Here, if ^ be made equal to unity, the expression becomes the 
same as that of Henry's Law. In the case of adsorption, n is 
greater than unity; but it is interesting to note that Henry's 
Law evidently represents the extreme case of the phenomenon. 
' Dewu, Ann. (Aim. phyt., 1904, 3. 6- 
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For the purposes of calculation, it ia simpler to us« the 
logarithmic equivalent of the general equation, taking log- 
arithms of both sides, the expresaion becomes — 

'ogi' , 



log X — log m = 



- log a 



in which the variables are log z and log p. When log x and 
log C are used as ordinate and abscissa respectively, the curve 
expressing the adsorption phenomena takes the form of a 
straight line. 

2. Gas-Liqitid Systems. — In this case, the liquid may be 
either a pure liquid or a solution ; but since the latter case is a 
complicated one, it is not necessary to deal with it in this place. 
Mercury provides the best example of this particular branch 
of adsorptive phenomena, since gases are only immeasurably 
slightly soluble in it. From what has already been said, it 
will be evident that adsorption on a liquid surface will produce 
a lowering of the surface tension. If, therefore, the surface 
tension of mercury in contact with a gas be measured immedi- 
ately on the admission of the gas to contact with the mercury 
and a second determination be made after sufficient time has 
elapsed to allow adsorption to become complete, any difference 
between the two results will indicate adsorption. The follow- 
ing figures are sufficient to prove that mercury does adsorb 
various gases : — 





g (FtmI) SuTfact). 


r (After 1 Hour). 


Tmddhi ... lfi° 

Nitrogen ... 16° 
CuboD dioxide . .1 19" 


4S6 
470 
478 
4B9 
476 


4S6 
4S4 
482 
438 
129 



It will be seen that «» vacuo, the surface tension does not alter 
during the hour, whereas in eveiy other case there is a lower- 
ing of the tension after the mercury has been left in contact 
with the gas, which seems to prove conclusively that the 
mercuiy surface has acted as an adsorbent. 

3. lAqvAd-Solid Systems. — Here again, technically, the 
term fiquid should include both pure liquids and solutions ; but 
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the cose of solutJons is the only one which has been studied ex- 
haustively, BO attention may be confined to it. 

In the first place, it may be well to point out that there is 
experimental proof ' of the fact that adsorption is a reversible 
process. When one gramme of charcoal is shaken for twenty 
hours with 100 c.c. of a 0'06S8N solution of acetic add in 
water, it was found that the strength of the acid was reduced 
to 0'0608N. Iq a second experiment, one gramme of the same 
charcoal was shaken for twenty hours with 50 c.c. of acetic 
acid solution of double the strength (0'1376N) ; 60 c.c. of water 
wffl-e then added and the mixture shaken for one hour. At 
the end of this, the strength of the solution was found to be 
O-OeoeN — practically the same as in the first experiment. 
Thus the same equilibrium is attained in both cases, whether 
we begin with the acetic acid concentrated in the solution or 
acetic acid concentrated in the charcoal. 

Now let us turn to the relations between the amount cJ 
acetic acid adsorbed at equilibrium when the initial concentra- 
tiouB of acetic acid in water are altered. The figures ' below 
show what takes place ; and the results are expressed graphic- 
ally in Fig. 29. Ci represents the concentration of acetic acid 
in the solution in contact with the charcoal ; C, gives the con- 
centration in the carbon, both values being determined after 
equilibrium has been attained. The figures represent milli- 
molecules of acid per c.c. The curve is termed the euisorpfion 

C, - 0-0181 0-0309 0-0616 0-1209 0^77 0-4711 0-8817 S-T86 
C, = 0-467 0-696 0-801 I'll 1-66 2-0* 2-48 8-76 

The results in the case of the adsorption of benzoic acid in 
benzene solution by means of charcoal are as follows, and are 
also shown graphically in Fig. 29. 

0, = 00062 0-026 0-063 0-118 . 

C = 0-437 0-73 !■« 1-44 

Just as in the case of the gas-sohd systems, it is found that 
the equilibria in liquid-solid systems can be expressed by the 
general formula — 

— - aCn 

' Freundlioh, Z^a^ phytttal. Chem., 1906, 57. 886. 
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wherfi X is the amount of solute adsorbed, m ia the quantity 
of the adsorbent material, C is the concentration of the solute 
in the liquid and a and m are constantfi, depending upon the 
system. This equation is obvioualy that of a parabolic carve,* 




Concencraeion of BsnTolc Acid In Cliarcoal 
Pio. ». 

as can be seen by inspection of Fig. 29. The value of l/n varies, 
of oourse, acoonUng to the conditions of the system, as is 
proved by the following figures, found by Freundlich for blood 

* In tha okM when n ■• 9, the equation can obrlouily be recast iDto the 
form ti* — tec, whloh reproMnU th« limple oonlo pambols. 
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charcoal in presence of solationB of different Bubata&cea The 
solutions were aqueous except in cases where the solvent is 
named. 



Formlo acid . 
Acetia trCid . 
pTopionio kcid 
Ma^iohloraoetia add 



O'lOl Suaoinio acid . 

0*430 Benioic acid . 

0-391 Chlorine 

0-3B3 Bromine 



Plorie add in alcohol 
B«nEolc v^ in Iwiueiie 
Bramine in ether . 



Inspection of these fibres suggests at once that adsorption 
is not governed by chemical influences ; for the value of 
1/n varies but little throughout the series and the two halogens 
lie between propionic and succinic acid, which would be a very 
unexpected result if chemical constitution were a preponder- 
ating factor in the problem. 

The fact that 1/n is fractional in all these cases renders it 
almost out of the question that the adsorbed substance i» present 
in the charcoal in the form of a solid solution ; for in this case 
the molecnlar weight of acetic acid adsorbed in charcoal would 
be roughly half of its molecular weight when dissolved in water, 
according to the usual formula for the distribution coefficient. 
This postalate could hardly be granted. 

4. Systems of Two Immiscible Liquids. — In the case of 
gas-aolid systems it was mentioned that adsorption at a mercury 
surface could be detected by an investigation of the surface 
tension. The same method can be applied in the examination 
of mercury in contact with other liquids ; and from the results 
which have been obtained, there seema to be no doubt that the 
mercury acts as an adsorbent tnateriaL The results given 
below ' were obtained by measuring the weights of the drops 
of water which drip from a standard orifice placed under the 
surface of the second liquid in the system : — 



Sjrt«m. 


SurfacB Tendon. 




WalBLparaffin oil 
Waber-iiobutyl aicoliol 


48 
99-6 
9-7 

1'176 


ir 

20° 

ao° 

18° 



< Taylor, Ch^mittry of Colloids, 1916, p. 96a 
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Lewis ' examined the adsorptive power of the syBtem 
water-paraffin oil as regards sodium glycocholate * and methyl 
orange. With sodium glycocholate, the following results were 
obtained : — 

Camentntton. « fat OIL 

0-0000000 88-6 

00000307 32-2 



0-00867 23-0 

0-00613 16-S 

0-0118 12-6 

When compared with values calculated from the theoretical 
formula, these results are found to be very wide of the mark, 
which is probaUy due to the difficulties of the method em- 
ployed. Other experiments were made with mercury aa the 
adsorbent, a stream of fine drops of the metal being allowed to 
flow through solutions of various substances. Here again, 
except in isolated cases, the theory and practice were markedly 
at variance with each other. 

4. Adtorption and Chemical Beaction. 

It has already been pointed out that adsorption is a physical 
process and not a chemical reaction ; but it may be well to ^ve 
some further proofs of this, as the matter is important. 

One of the most striking demonstrations of the difference 
between adsorption and compound formation has been described 
by Bayliss.* When well-washed aluminium hydroxide is added 
to a dilute solution of the colloidal acid derived from the dye 
Congo red, the dye is taken up by the hydroxide, giving a 
blue product. This product is not a salt of the acid, for the 
salts are red in colonr. It is therefore almost certainly due to 
the adsorption of the dye by the aluminium hydroxide. On 
warming a suspension of this blue material in water, the colour 
changes to red, showing the formation of the tme aluminium 
salt of the acid This change seems to establish the diflerence 
between adsorption and chemical combination in an almost 
indisputable way. 

■ W. 0. UcO. Lairis, PhiL Mag., 190B, 16. COS; ZtiUeh. pAviikal. Ch«m., 
1910, 73, 139. 

■BkyliM. Zeiiiek. Chem. Ind. Kotloide, I90B, 3. S2i. 

* Qljoocholio uid ihoald not ba oonfiued with glycoooU. The lonnBr U 
ft glycoeoU dniratiTs of cholio ftdd. 
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An indirect proof that adsorptiion and chemical combination 
are different processes is Furnished by the work of Walker and 
Appleyard.' If it be assumed that in the adsorptive process 
we have to deal with the equitibrium between a partially dis- 
sociated solid compoand and its dissociation products, then the 
Mass Action Law can be applied to the problem and the following 
equation will hold good in the liquid phase : — 

r, t = constant 

where Cj ia the concentration of the adsorbent, C, is the con- 
centration of adsorbed material and C, is the concentration of 
the compound formed ; while x, y and z represent respectively 
the number of molecules of each material which are taking 
part in the equilibrium. Sinte the charcoal and the compound 
formed are both present in the solid state, their concentrations 
in the liquid phase will be constant; so that the equation 



C| - constant 

Id other words, the concentration of the adsorbed material in 
the liquid phase will remain constant so long as both the ad- 
sorbent and the compound formed are present as solid phases. 
This is obviously incorrect in the case of the adsorption of 
acetic acid by charcoal ; for, as the curves in Fig. 29 show, the 
concentration of the acetic acid in solution steadily increases 
concurrently with an increase in the total concentration of 
acetic acid in the system instead of remaining constant. This 
behaviour evidently invalidates the assumption that adsorption 
and compound-formation are identical prooeases.* 

To make assurance doubly sure, however, Walker and 
Appleyard investigated the case of the equilibrium between 
solid diphenylamine and an aqueous solution of [ncric add. 
These two compounds unite to form dipbenyl-ammonium 
picrate which, like diphenylamine itself, is practically insoluble 
in water ; and since the picrate partly decomposes in presence 
of water, yielding free diphenylamine and picric acid (which 

> Walker and Applejord, Troni., 1B96, 69. 1334. 

'In Bome oaaes, howevar, ohemioaJ influenoea eater the problem.' See 
Laagmuir, /. Avur. Ch«m. Soe.., 1916, 38, 2321. 
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dtsaolves in the water), the cooditioDS described above hold 
good for thia equilibriam. 

Making a saturated solntion of picric acid in water (16 
mgra. acid per gramme of water at 40*6°), the investigators 
ahook up 50 cc. of this with 2 grma diphenylamine, another 
50 cc. with 1 grm, of the base and a third 50 cc, withO"6grm.of 
diphflnylamine until equilibrium was attained. Determinations 
of the ooQcentratioDS of picric acid in the Holution and in the 
solid led to the following results : — 

MiiiigrammM of Picric Acid. 
Id 1 gtm. or WaUr, In 1 gnn. of DlpIuiifUffiiiia. 



Clearly, in this case, the coacentration of the picric acid in the 
liquid has remained constant, as was predicted from the Mass 
Action Law ; and thus there is no resemblance between the 
rosults of this purely chemical reaction and the phenomena 
observed in the case of adsorption, where the concentration 
of the liquid phase altera 

In the counie of the same investigation, Walker and Apple- 
yard studied the interaction of picric acid and silk. By im- 
mersing fixed quantities of silk in picric acid solutions of 
different strengths, they were able to show that the amount 
of dye removed from the bath varied continuously with the 
ooncentration of the picric acid in the solution, relatively 
larger amounts being abstracted from weak solutions than 
from strong oaea. It was found that the same equilibrium 
was attained whether the picric acid was originally in the silk 
or in the solution. In this case, then, the dyeing process is 
apparently one of pure adsorption ; but it must be borne in 
mind that here the dye is obviously not a fast one, since it 
can be removed by water. 
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CHAPTER XIV. 

SOME HYPOTHESES OF THE OOLLOID STATE. 

1. Introductory. 

The phenomena exhibited by substances in the colloidal con- 
dition are so extraordinary and bo important from many 
points of view, both in theory and in practice, that it is not 
surprising to find numerous attempts made to account for the 
properties of colloids by means of hypotheses; and any de- 
scription of colloids would be incomplete if this side of the 
subject were omitted entirely. At the same time, it must be 
admitted frankly that none of the suggestions hitherto put 
forward is entirely satisfactory. Nor is this surprising ; for 
the colloid class is so ill-deGned in its limits that an explanation 
which harmonises with the behaviour of certain colloidal 
materials may fail entirely when applied to others. For 
instance, the difference in viscosity between suspensoid and 
emolsoid colloids is one of the most difScult points of all to 
account for ; and yet it is one of the most obvious phenomena 
in the colloid field. 

In selecting examples of the hypotheses which have been 
proposed from time to time, the main object kept in view has 
been to bring out clearly the difference in the standpoints ht)m 
which various observers have approached the subject; for in 
this way it seamed that more light might be thrown upon the 
phenomena than would be obtained by the detailed considera- 
tion of one or two of the hypotheses. It must be borne in 
mind that a complete theory of colloids would have to account 
for at least the following : (1) the difference between crystal- 
loids and colloids ; (2) the difference between suspensoids and 
emnlsoids ; (3) the phenomena of coagulation ; (4) the surface 
action of colloids which is manifested in adsorption ; (5) the 
electrical properties of colloidal materials. There are, of 
1*6 
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coorae, other matters which also demand explanation; but 
nnless these five are satisfactorily dealt with there can be no 
full treatment of the problem. As will be seen in the follow- 
ing secUons, there is as yet no hypothesis which covers the 
ground in its entirety. 

2. The Crystalloid Hypothesis. 

In the course of his earliest work upon colloids, Qrahain * 
made the following suggestion: ''The inquiry suggests itself 
whether the colloidal molecule may not be constituted by the 
grouping together of a number of smaller crystalloid mole- 
cules, and whether the basis of coUoidality may not really he 
this composite character of the molecule ". 

Qraham does not seem to have pushed the matter beyond 
a mere surmise ; and it is doubtful if he regarded his BUggeetion 
as more than a guess : but this crystalloid hypothesis, though 
vague, is of some interest when considered in relation to the 
knowledge which Qraham possessed at the time he put it 
forward. If the case of silicic acid he taken as an example, 
Uie implications of the crystalloid hypothesis can most easily 
be seen. In the highest degree of subdivision imaginable, 
silicic acid must on this hypothesis be supposed to exist in the 
form of extremely minute crystals. In this form, it is capable 
of yielding a homogeneous sol ; but in this aoi the tiny crystals 
become collected together into aggregates which lend to the 
liquid its colloidal properties. When a higher degree of aggre- 
gation is attained, the material takes the form of a gel. 

This suggestion of Qraham has been extended by von 
Weimam* to include all states of matter. According to von 
Weimam, the crystalline condition is common to all matter, 
whether solid, liquid or gaseous. As far as the gaseous state 
is concerned, it is unnecessary to consider the hypothesis 
further, bat one or two points may be mentioned in connection 
wi^ the liquid condition. 

By carrying out a series of precipitations over wide ranges 
of concentration, von Weimarn observed that certain concen- 
trations favoured the formation of crystalline precipitates 
whilst greater or less ooncentrationa had the effect of producing 
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materials which ioclined more and more to the amorphous 
character, eves when examined imder the microscope. With 
increasing dilation of the aolutioa, the magnitude of the 
cryBtals diminished ; and von Weimam assumed that in the 
extremes of dilution the precipitated particles were still 
crystalline, though ao tiny that their crystalline character 
could not be recognised even by means of the microscope. 

Thus, according to von Weimam, all matter, when in its 
finest state of division, assumes the crystalline character ; and 
the particles of a colloidal material are built up by the a^re- 
gation of these extremely minute crystalline bodies. 

In this connection, the occurrence of liquid crystals^ is of 
some interest. When para-azoxy-anisol is heated, it melts diarply 
at 116° C. fonniDg a turbid liquid which, on further heatuig, 
suddenly becomes dear at 134° G. When the clear liquid is 
cooled down again, the phenomraia take place in the reverse 
order: the clear liquid becomes turbid and finally solidifies. 
Examination of the turbid material shows that it has a dual set 
- of properties. It behaves like a true liquid, flowing under the 
action of gravity and assuming a spherical form when immersed 
in another liquid of the same density with which it does not 
mix ; but in addition it exhibits the property of double refraction 
which is possessed by certain crystals. This behaviour is not 
peculiar to a single compound, for quite a large group of sub- 
stances exhibit the phenomena almost equally well. 

These facts suggest the question whether the turbid liquid is 
homogeneous w is composed of a solid and a liquid phasia: In 
other words, is it a homogeneous liquid or an emulsion ? An 
observation of Maugnin throws some light upon the point 
When the illuminatioQ used in the microscope is very intense, it 
is found that even when the polariser and analyser are brou^t 
into the position of extinction the li^t does not vanish com- 
pletely. Instead, there is an incessant scintillation in the field 
which recalls the swarming of an ant-beapi' This appearance 
certainly suggests an emulsion and Mauguin regards the p^wo- 
menon as akin to the Brownian movement. In any case, the 
presence of crystalline properties in these materials certainly 

'Lahmum, Ffttuiga Kr^iidXU; Yorlkudei, £rvilaUtnueh/IlUii^ 5ub- 

• Perrln, L«f AUmtt, 1913, p. 208 ; AUmt, 1916, p. ItS. 
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points to the existence of some crystalloid character in extremely 
minate particles of matter ; and to this extent it may be regarded 
aa sapporting von Weimam's hypothesis. 

It must be borne in mind, however, that even if the crystal- 
loid hypothesis of colloidal solutions be accepted, it leaves 
untouched the whole of the electrical properties of colloids ; so 
that it cannot be r^arded as anything more than a first attempt 
to account for the phenomena. 

3. The Solution Hypotheaia. 

From time to time the idea has been put forward, either 
explicitly or implicitly, that colloid sols might be regarded as 
true solutions in which the solute consisted of very large 
molecules. The fact that sols exhibited the phenomena of 
osmotic pressure was regarded by some as a proof that they 
resembled ordinary solutions, even though the observed pres- 
sures were very slight. 

This Bolutioo hypothesis, however, can hardly be regarded 
as sound at the present day. In the first place, the phenomena 
of osmotic pressure have been shown by Perrin to be manifest 
in emulsions where the particles are so large as to be visible to 
Uie microscope ; and it can hardly be supposed that the spheres 
of gamboge which he observed were truly " molecular " in 
cbaract^. Secondly, a true solution is supposed to be homo- 
geneous ; whilst the ultramicroacope reveals the fact that the 
particles in either an emulsoid or a suspensoid are by no means 
unifcHin ; and even the naked eye is sufficient to detect the 
inhomogeaeity of a centrifoged gold sol, owing to the range 
of tints which it displays at different heights in the tube. 
Finally, the solution hjpoUiesis furnishes no explanation of 
coagulation or the electrical properties of colloids. 

It may therefore safely be concluded that no mere solution 
hypothesis can account for the phenomena ; and the idea is 
mentioned here only for the sake of completeness. 

4. The Partition Hypothesis. 

In order to make dear the partition hypothesis of colloids, 
it will be beet to recall a familiar examjrfe of two partially 
miscihle materials ; phenol and water. When phenol is added 

D,g,l,..cbyGOOglC 



3SO SOME PHYSICO-CHEMICAL THEMES 

to water, a homogeneoufi liquid is formed (solution of phenol io 
water) until the conceatratioo of the phenol reaches about 
8 per cent., at which point saturation ia attained at ordinary 
temperatarea Further addition of phenol results in the 
formation of two layers, one of which consists of a solution of 
phenol in water whilst the other is a solution of water in 
phenol. On raising the temperature of the liquid, the solubility 
of phenol in water and the solubility of water in phenol are 
both increased ; and, Soally, the two layers become identical in 
eompositioQ and the liquid becomes homogeneous at about 6S° C. 

Now apply the same ideas to the case of gelatine and water. 
When the gelatine is first added to an excess of water, solution 
occurs and a homogeneous liquid is produced The addition of 
more gelatine brings the solution to the point of satm^tion and 
the further rise in gelatine concentration leads to the formation 
of two layers containing different proportiona of water. By 
increasing the temperature, it is possible to bring the whole of 
the gelatine into solution, just as the phenol- water system could 
be made homogeneous. 

Van Bemmelen drew attention to the fact that gels are 
materials with a structure ' the semi-solid membranes of which 
contain some of the sol-liquid. In other words, the system 
may be regarded, according to him, as built up from two 
different materials : a solution of the sol in the gel and a solu- 
tion of the gd in the sol . Naturally, as in the case of phenol 
and water, this system can be influenced by changes of tem- 
perature or the addition of salts to the liquid. As van 
Bemmelen showed, the removal of water from colloidal 
hydroxides is a continuous process and does not occur in 
definite stages as is the case when water of crystallisation is 
removed step by step from a polybydrated salt. 

On somewhat similar lines, Spiro and Hofmeister* have 
attempted to account for the precipitation of colloids. Imagine 
that when alcohol is added to a hydrosol the colloid is pre- 
cipitated. The system is then a two-phase ^one containing 
the three components : colloid, alcohol and water. Since 
the alcohol and water are completely miscible, it is evident 

' Btltwhli, ilierosdo^Yi Foomt and Protoploim, I8S94. 
■HofmeUter, Jreh. «xp. Pi^h. Pharm., 1890, 87. S95; !891, 28. 310; 
Spin, BeUrOgi ehem. Phj/*U>1. Path,, 190S, 1, 330. 
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that the liqaid will contain alcohol and water in definite 
proportions ; but the relation of colloid to alcohol in the 
precipitated portion is not the same as it is in the nnpre- 
cipitated part of the colloid. The precipitated phase ia 
obTionsly weaker in solvent than the original solution was. 
This has actually been proved to he the case in gelatine 
solntions when a series of precipitations was carried oat with 
salt solutions of gradually increasing concentration. Thns 
the process of precipitation is really one in which the colloid 
is deprived of solvent. 

This hypothesis of coagulation is, however, very incomplete, 
as it fails to take into account many important factors in the 
problem, such as surface tension, viscosity and electrical 
character. 

5. The Negative Surface Tension Hypothesis. 

Donnan ' suggested that under certain conditions it is 
possible for a substance to exhilnt a negative surface tension ; 
and he has applied this idea to the case of colloids in the 
following manner: When a mass of material is placed in a 
liquid, two forces are at work : a cohesive force acting between 
the molecules of the liquid and those of the solid ; and an 
adhesive force acting between molecule and molecule of the 
solid. If the force of cohesion ia greater than that of ad- 
hesion, particles will be torn off the surface of the solid, which 
will thns diminish in volume ; but as the volume of the solid 
diminishes, the liquid layer about it becomes thinner and thus 
the cohesive force is decreased. Obviously at some stage 
or other, the cohesive and adhesive forces will come into a 
balance; and after this there will be no change in the size 
of the solid masa 

There is, according to this hypothesis, a critical dze of 
grain for each colloid, the magnitude being determined by the 
relationship between the cohesive and adhesive forces in tiio 
system. Particles smaller than this critical grain will tend 
to increase in size by a process of aggregation ; while particles 
of larger size will be rednced by the tearing off of fragments 
under the action of the cohesive forces. 

iDohhaii, Phil. Mag., 1901, 17, 647; Znltch. phyiikal. Chtm., lEMl, 
37, 71S : 1908, 46, 197. 
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Wbile tbere ia much of interest in this BpecuUtion, it mast 
be pointed out that it certainly cannot be applicable to all 
colloidal solutions, for in the case of gold sols, for example, 
it is experimentally proved that particles of widely different 
dimensions exist in the same solution ; and this seems to 
hold good in the case of many emulsoids. The Donnan 
hypothesis, like many of our mathematical solutions, mast 
be regarded merely as a first approximation to the truttL 
It leaves out of account altogether the electrical properties 
of colloids, although these furnish several of the most 
characteristic features differentiating colloids from crystal- 
loids. 

6. Electrical Hypotheses. 

From what has been said in previous chapters, it is 
evident that electrical charges play a veiy important part 
in the behaviour of certain colloids ; and it is therefore 
natural to look to the action of these electrical charges as 
a caose of processes such as coagulation and hence to en- 
deavour to explain the stability of colloidal solutions upon 
some electrical basis. 

According to Hardy,' the particles of a colloid may be 
charged with, say, positive electricity, whilst the liquid in 
which they float carries a charge of the opposite sign. Under 
these circumstances, stability of the colloid is, under certain 
conditions, ensured ; for there can be no aggregation of the 
particles into larger masses owing to the repulsive effect of 
the charges upon each otiier. If the particles be discharged 
by the addition of ions of the opposite sign, then coaguIaUon 
ensues through gravitational attraction. 

Similar views were put forward by Bredig,' but he pointed 
out that the removal of the charge from a colloid particle 
would 'leave the surface tension of the particle free to pro- 
dace a centripetal movement of the particles, thus causing 
coagulation. 

These ideas have been criticised by Billitzer' on the 

> Hardy, ZtitKh. phyt&al. Chem., 1900, 33. &SG. 

'Bredig, Snorgamteht Ftrm^nU, p. IS. 

■BilUtser, Zeitteh. EUkiroohem., 1903, 8, 686; WUn. B*r., 1902, 111, 
1393; 1909, 112. 95; 1901, 113. 1169; ZtiUoh. phynkal. Clt*m., 1909, tf, 
307; 1901,51, 139. 
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ground that they fail to account for the precipitation of 
emulsoids and auspensoids by the addition of alcohol, which 
can have no electrical action. Billitzer's own hypothesis 
with regard to the action of ions upon collcHds is that they 
form centres of aggregation around which the colloidal 
particles agglomerate, just as particles of water agglomerate 
around ions in air within the " dust-oonnter " of C. T. K. 
Wilson. 

7. Conclusion. 

The foregoing hypotheses are sufficient to show some of 
the ways in which attempts have been made to solve the 
colloid problem. Many other views might have been added 
to those given above ; bat the object in this chapter has been 
merely to illostrate the matter, not to give a full accoiuit of 
it ; and the selection has been made with this aim in view. 

In the case of bo ill-defined a phenomenon as the colloidal 
state, it can hardly be expected that a sin^e hypothesis will 
Boffice to account for all the known facta ; and it seems prob- 
able that the truth includes more than one of the factors 
which have been dealt with singly in the for^;oing sections. 
The difference between euBpensoids and emnlsoids alone is 
sufficient to discount the possibility of covering the whole 
ground by a single hypothesis ; and the demarcation between 
reversible and irreversible coagulation seems to point to the 
entry of chemical factors into certain re^ons of the subject. 
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1. Sotne Criteria of Catalytic Action. 

AMOxa ttie most confusing names in the chemical field, 
" catalyas " must be awarded a high place. The confusion 
which has arisen is to a large extent due to the fact tiiat under 
the same heading a large number of acticms have been in- 
cluded which often show little resemblance among themselvea 
and which are due to entirely different causes ; and, owing to 
this, it has become difficult to define exactly what is meant 
by catalytic action. 

For example, take three well-known processes : the com- 
bination of hydrogen and chloride under the action of light; 
the reactions between sulphur dioxide, oxygen and the oxides 
of nitrogen in the sulphuric acid chamber process ; and in the 
contact process the combination between sulphur dioxide and 
oxygen in presence of spongy platinum. In the first case the 
reaction is stimulated by the application of radiant energy ; 
in the chamber process, an intermediate compound is formed ; 
whilst ip the case of the contact process, surface action is 
believed to be the cause of the acceleration of the reaciion. 
Yet all three are grouped under the head of catalytic action. 
This grouping appears to be on the same plane as one which 
would classify together a rowing-boat, a wheeUbarrow and an 
aeroplane, on the ground that all three are contrivances for 
transporting goods from one place to another. 

From this it will be seen that any attempt to systematise 
the field of " catalytic action " is almost certain to be a failure 
in some direction or other ; and this caution must be borne in 
mind throughout the present chapter. All that can be done 
is to deal with the subject in its broadest outlines ; and even 
in them there is sure to be a certain inconsistency. The 
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following criteria ' have been drawn op to cover the case in 
which the catalyst is an actual material body ; and the case of 
radiation effects has been left out of account.* 

1. At the beginning and the end of the reaction, the cata- 
lyst has the same chemical composition, though not necessarily 
the same physical state. — The £rat part of this criteriw seems 
to be definitely establiahed in the catalytic acticm of finely 
divided metals, as well as in other cases of a more complex 
type. With regard to the second provision, a single example 
will suffice. The action of manganese dioxide in promoUng the 
liberation of oxygen from potassium chlorate is well known. 
Kow, when crystalline manganese dioxide is introduced as a 
catalyst, it is found Uiat at the end of the process the dioxide 
has lost its crystalline form and has become converted into the 
amorphous variety.' Thus apparently in the course of its 
catalytic action it has undergone an alteration in physical 
condition. 

2. A tmall quantity of catalyst is sufficient to act upon an 
indefinitdy large quantity of the reacting substance. — One of 
the most striking examples of this is mentioned by Titoff,* who 
found that the rate of oxidation of sodium sulphite in aqueous 
solution was perceptibly accelerated by the presence of copper 
sulphate having a strength of only 00000000000001 normal. 
Again, 0*0004 gramme of colloidal platinum has been found 
capable of bringing about combination in a mixture of ten 
litres of oxygen and hydrogen.* 

3. A catalytic agent is incapable of starting a reaction; 
its action is confined to modifying the velocity of an existing 
reaction, — A considerable amount of controversy has raged 
round this criterion; but the matter seems to be one of 
academic interest, since it is incapable of decisive proof. In 
order to prove it, it would be necessary to establish that, say, 

< See Mellor, Chemical SUUk* and Dvnamic*, 1904, pp. 2U tt., for turther 
notM on theea oritena. 

■Sodeftu, Tram., 1900, 77, 137, 717; 1901, 79.2^7, 939; 1903, 81, 106G. 
"ntoff, ZeiUch. phyMcal. Chma., 1903, 46, 641. 

* Emst, ibid, 1901, 37. 14B. 

* It seems doabtful if the tctioa of ndiuit'energ; ckh properly be quoted 
M an exunple of catalysU since the «o-called " catalyst " in this case U 
oertaialy alteied during the action ofring to the absorptive power of the 
■ubstHKses on which it aats. 
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oxygen &nd hydrogen, when free from any catalyst, did not 
combine together at all ; and this would involve observations 
extending over a more prolonged period than ia convenient; 
while the further difficulty arises that the eidea of the con- 
taining vessel might act as catalysts so that a "blank" control 
experiment would be impossible. The point seems of little 
importance at the best, since certainty upon it can never be 
attained. 

4. A catalyst cannot affect the final state of equilibrium of 
the syttem into which it is introduced. — This criterion must 
hold good unless the laws of thermodynamics are to be rejected. 
Suppose that an isolated system comes into a state of 
equilibrium (I.) and that in presence of a catalyst it passes into 
a fresh state of equilibrium (II.). On removing the catalyst, 
it will return to equilibrium (I.), thus occaEDOning a change of 
energy. Therefore, by alternately introducing and removing 
the catalyst, energy could be obtained from the system, which 
is impossiUe unless perpetual motion be granted. 

5. The velocities of two inverse reactions are equally af- 
fected by the catalyst. — This follows naturally from the state- 
ment above ; for if the vetocoties of the two parts of a reversible 
reaction were differently affected by the catalyst, then the state 
of equilibrium of the system would be altered by inserting and 
removing the catalyst. There are, however, cases in which 
there is an apparent deviation from the rule. For example, 
when a solution of hydroxylamine is heated, the products are 
ammonia, nitrogen, water and traces of nitrous oxide ; but 
when platinmn black is preeent, the proportion of nitrous 
oxide is considerably increased.' In this case, however, the 
matter is explained by the fact that there are two possible 
reactions ; — 

3NH,0H = NH, + N, + 3H,0 
4NH,0H - 2NH, + N,0 + 3H,0 

The presence of the catalyst evidently accelerates the second 
type of reaction more than the first, so that mora nitrous oxide 
makes its appearance in the end-products. 

6. The state of equilibrium is ind^ettdent of the quantity 

' Tuutw, Z&Uith. pkj/tiltal. Chtm., 1902, 40i 476 ; 41, 37 ; Berthelot, Ann. 
chim. phys., 1877, 10, 483; 1390, 21. 88«. 
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and the nature of the catalyst. — This stAtement ia apparenUy 
accnrate. The &eet clause of it follows from what haa already 
been said with regard to the laws of thermodynamics; for 
if the quantity of the catalyst influenced the position of 
eqniUbrium, then energy oould be derived from the system by 
increasing and decreasing the amount of catalyst present. 
With regard to the second clause, it has been shown that the 
same equilibrium state is attained between acetaldehyde and 
paraldehyde, whether sulj^ur dioxide, zinc sulphate, hydrogen 
chloride, oxalic acid or phosphoric acid be employed as a 
catalyst^ 

2. Positive and Negative Catalyaia. 

The term positive catalyaia is used to describe the action 
of a catalyst which increases the velocity of a readion. For 
example, the normal rate of oxidation of methyl alcohol in air 
is very slow ; but in presence of spongy platinum the vapour 
of methyl alcohol is oxidised so rapidly that the heat evolved 
by the reaction is sufficient to raise the temperature of the 
platinum considerably, even at times to » red beat. 

Curiously enough, the action of a catalyst may in some 
cases be increased by the presence of other snbetanoes, so that 
it is poeaible'to suppose that the catalytic process itself may 
be catalysed. For example, in the oxidation of aniline or 
Daphthslene by means of sulphuric acid, it is found that a 
mixture of mercuric and copper sulphates exerts a catalytic 
influence greater than the sum of their separate effects.' 
Again, when reduced iron is employed as a catalyst, it is found 
tiiat its activity is considerably increased by the presence in 
it of traces of molybdennm, tungsten or uranium. These are 
termed promotere. 

The term negative catalyaia has been employed in two 
senses. In the tirst of these, it expresses the process inverse 
to positive catalysis — i.e., a case in which the presence of the 
catalyst inhibits the normal course of a reaction. A well- 
known example of this is to be fotmd is the preservation of 
hydrogen peroxide solutions in presence of sulphuric acid, 

■Torbfttta, Ztiiaeh. phyitkai. Ch4m., 1901, 38. BOB ; Zntaeh. EUktroehtm., 
1903,8.70. 

* Bmdig ftnd Brown, Zttltek. phyiikal. Chem., 1908, 4S, S03. 
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which seems to rednoe the instability of the peroxide. Another 
instance is to be found in th« protective action of Bubstancea 
like mannite, benzaldehyde or benzyl alcohol in the oxidation 
of sodium salphite by air.' 

The term has also been applied to cases in which the action 
of one catalyst is paralysed by the presence of traces of another 
material. For example, if colloidal platinum be employed as 
a catalyst, it is foxind that its catalytic power is markedly 
diminished in presence of hydrocyanic add, halogens, carbon 
disulphide, phenol and many other substances.^ Here, ap- 
parently, the process is the inverse of that which takes place 
in the action of a promoter.* 

In connection with these " secondary catalytic phenomena " 
mention may be made of what ia known as oAhto-caU^y^ and 
OAii^-retariatifyA. It is sometimes found that when a trace 
of a catalyst is added to two reagents these begin to interact 
slowly but thereafter the reaction proceeds with ever-increasing 
rapidity until the equilibrium point is reached. This cannot 
be accounted for by the ordinary ideas of catalysis, since a 
given quantity of catalyst can be imagined only as dealing with 
equal quantises of the reagents in equal times ; so that the 
reaction should proceed at a uniform rate in accordance with 
the mass-action law. 

A concrete example will serve to make the point clear. 
When methyl acetate is hydrolysed by means of sodium 
hydroxide, the reaction follows Uie course — 

CH,.C0OCH, + NaOH - CH,.CO0Na + CH,.OH 
This is an ordinary bimolecular reaction ; and if at the start 
there be present a gramme-molecules of sodium hydroxide 
and b gramme-molecules of methyl acetate, the velodty of the 
reaction can be expressed by the equation — 



dt 



- it(a - «)(& - X) 



This is the normal state of things in a Inmolecular reaction ; 
and it should be noticed that in this case the hydrolysiug 

> Blgelow, Z»it*eh. phyiikal. CJum^ 1898, 28, *93 ; 27, BS6. 
* Enut, ibid., 1901, 37, US ; we «lio Biedig, Amirgamicha FatnaUe. 
*k fall Moonut of the phenomeua ii to b« found in Bftuotolt's paper, 
J. Fhjfiical CA#m., 1917, 21, 767. 
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agent — the sodium hydroxide— disappeara regularly duriag the 
reaction, as it becomds converted into sodium acetate. 

On the other hand, when methyl acetate and water are 
bronght into contact, the hydrolysis of the ester can be 
catalysed by the addition of a trace of acetic acid to the 
mixture. The reaction takes the following course : — 
CH,.C0OCH, + H,0 = CH,.COOH + CH,.OH 
Now in this case, for every molecule of ester hydrolysed, one 
molecule of acetic acid is liberated; and this add at once 
begins to play the part of a catalyst in the reaction. Thus 
as the reaction progresses there is present an ever-increasiiig 
quantity of catalyst, and the reaction velocity naturally 
increases from instant to instant. 

Suppose that there are a gramme-molecules of acetic acid 
and b gramme-molecules of methyl acetate present at the start. 
The initial velocity of the hydrolysis will be representable 

since the rate of hydrolysis is proportional to the quantity of 
catalyst present. Now assume that at the time t there are x 
gramme-molecules of acetic acid liberated by the reaction. 
These x gramme-molecules of acid also act catalytically, in- 
creasing the velocity, so that their action can be expressed 
thus — 

W" 

The true velocity of the reaction will therefore be represent- 
able as the sum of these two separate velodties, i.e., as — 

which is obviously different from that of a normally catalysed 
reaction. 

Auto-retardation depends upon a (n'ocess similar to that of 
auto-catalysis. A reaction may give rise to some substance 
which has a retarding influence upon the reaction; and in 
that case there will be a slowing down of the reaction velocity 
as more and more of the inhildtory compound is thrown into 
the system. 

17- 



. kiX(b - x) 
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3. Selective Catalyeia. 

In the csBe of the decompoeitioua of hydroxylamine, it has 
abeady heen pointed out that when two reaetiona proceed side 
hy Bide a catalyst may accelerate one of them to a greater 
extent than the other. That selective action of the catalyst 
furnishes one of the moat interesting subjects in this field of 
chemistiy ; and its extension into the province of biochemistry 
links it with some of the moet fundamental properties of living 
tissue. One or two examples of selective action may be given 
here in order to bring out the peculiarities of the proceesea 
involved. 

When benzaldehyde and hydrocyanic acid are allowed to 
react together in presence of hydrochloric acid as a catalyat, 
the nitj-ile of mandeiic add ia formed : — 

C,H( . CH : O + H . CN - C.H, . CH(OH) . CN 

BenaJdehyde. MandelouiCtile. 

By hydrolysis, the mandelonitrile can be converted into the 
ammonium salt of mandeiic acid : — 

CgHj . CH(OH) . CN + 2H,0 - C,Hg . 6h(0H) . COONH, 

It will be noticed that in the formulse of the nitrile and of the 
ammonium salt the carbon atom marked with an asterisk is 
asymmetric, being attached to four different groups ; so that 
the two compounds are capable of appearing in opticaily active 
forms. When hydrochloric acid ia used as a catalyst in the 
formation of the nitrile, it is found that the right and left- 
handed forms are produced in exactly equivalent quantities, so 
that no optical activity ia shown by the product owing to the 
dexiro-rotation of the one pori,ion exactly counterbalancing the 
Zfsvo -rotation of the other portion. 

When, however, benzaldehyde and hydrocyanic acid are 
allowed to unite in presence of quinine as a catalyst, the 
end-prodnct of the reaction contains a preponderance of the 
ifflwo-rotatory form of mandelonitrile. If for quinine there be 
substituted the stereoiaomerie alkaloid quinidine, the proportions 
are inverted; and the reaction product contains more Itevo- 
than (iea:(ro-mandelonitrile. From these results ' it is evident 

1 Bmdig and Fieke, Bioehtnt. geitsish., 1912, 46, 7 ; Fs,jans, Zeittoh. 
phynktU. CAwo., 1910, 7$, 36, 
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that a "symmetrical" catalyst each ae hydrochloric acid 
produces the two optically aotipodic forms of mandelonitrile 
in equal quantities; whereas an " aaymmetrical " catalyst 
favours the production of one of the poasible antipodes at the 
expense of the other; and the nature of the favoured form 
depends upon the stereochemical nature of the asymmetrical 
catalyst employed. 

T^G results in these cases can hardly be attributed to the 
influence of the alkaloids merely as part of the solvent used in 
the reaction, for it has been shown that no such asymmetric 
process occurs when an asymmetric carbon atom is brought 
into existence in a molecule dissolved in an optically active 
solvent.' It must therefore be inferred that in this case the 
alkaloidal catalyst actually enters into chemical combination 
with the aldehyde and acid during the synthetical process and 
that this intimate union permits its stereochemical character to 
influence the nature of the end-product. 

The same selective action is observed when the enzyme 
emulsin is substituted for hydrochloric acid in the mandelo- 
nitrile condensation. In presence of this enzyme, the main 
reaction product is the tiexiro-rotatory form of the nitrile.* 

In the group of the sugars, analogous influences are found 
to be at work.^ The following flve stereochemical formulce will 
suffice to illustrate the point under consideration : — 



OHO 


OHO 


OHO 


OHO 


OHO 


H.OH 


HO.H 


CO 


H.OH 


HO.H 


no.H 


MO.H 


HO.H 


HO.H 


HO H 


H.OH 


H.OH 


H.OH 


HO.H 


HO.H 


H.OH 


H.OH 


H.OH 


H.OH 


H.OH 


CH,OH 


CH,OH 


CH,OH 


CH,OH 


CH,on 



Inspection of the heavily printed portions of the flve 
formulae will show that the conGgurations of the three left- 
hand ones resemble each other closely, despite the fact that 

'Boyd, Diuerlation, Heidelberg, 1896; Kipping, Ftoc., 1900, 16, 226; 
Wedekiad and Wedekind, Btr., 190S, 41, 4fi6 ; Bredig and Boloom, ZeiUch. 
physikal. Chem., 1B99, 32, S190. 

■ Bosanth&lei, .BuwJimk. Ztitich., 1909, 14, 968; Auld, Trans., 1909, 95, 
937 ; oompkre Fust, Arch. PJutrm., 1909, 217. 226. 

'FiBoher, Zeiiich. physikal. Chem., 1S98, 26, 60; compare Ehrlich, 
Bioch»m. ZeiUeh., 1906, 1, 8. 
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fructose has a carbonjd radicle instead of the — CH(OH) — 
group in its stmcture ; but the space formulae of galactose and 
talose diverge considerably from the model of the other Uiree. 
Now, when ferments are allowed to act upon these sugars, it is 
found that glucose, mannose and fructose are readily fermented ; 
galactose is less readUy attacked ; whilst taloae is almost un- 
affected by the ferment which destroys the others. From this 
it appears evident that the catalytic action of the ferment is 
markedly influenced by the space formula of the compound 
upon which it acts. 

Again the same influence is found to be at work in the case 
of the glucosides: — 



0— (CH . OH),-OH— O— OH,OH 0-(GH .OH),-^H— O— CH, 

OCHi H 

OCRyO H 

C-{CH.OH),-ll 



IH,OH 

OCH. 
Methyl-glnooitdM. 

OCH,.0, 



CMOH.OH),- 
OOH, GH,0 

Uebhrl-xyloudei. 

In the formulae of the methyl-glucosidea it will be noticed 
that the difference between the two compounds lies in the 
different arrangement of the hydrogen and hydroxyl at the 
right-hand end of the chain. In the methyl-xyloaide fonuulee 
the space difference is symbolised by the change in the position 
of the hydrogen and methoxy radiclea This difference may 
seem very slight, but it exerts a considerable influence upon 
the catalytic effects of emalain and yeast upon the compounds. 
The a-methyl glacoside is attacked by yeast, the )3-form by 
emulsin ; but neither emulsin nor yeast is able to attack the 
methyl-xylosides, in the formulae of which the penultimate 
— CH . OH — group of the glucosides is missing. 

These results and others led Fischer to propound his simile 
of a lock and key in connection with enzyme action. In order 
that the action of the enzyme may be as complete as possible, 
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the enzyme's configuration moat fit that of the sugar as closely 
aa possible; When only certain parts of the enzyme confignra- 
tion fit in witih the sugar, then the action between the two 
compounds is incomplete, just as an ill-suited key may turn 
certain wards in a lock without succeeding in unlocking it 
entirely. 

4. The Solvent Medium as a Catalyst. 

S(«ne authors have included solvents in the class of catalytic 
agents ; and it may be well to examine more closely the limita- 
tions which must be placed upon any such conception. 

In the first place, if a catalyst be defined as a sabstance 
which can be recovered unchanged at the end of the reaction, 
it is dear t^t by this definition we exclude from the catalyst 
class all solvents which take part in a reaction. For example, 
when acetic add is dissolved in alcohol preparatory to the forma- 
tion of «D. eater, it is evident that part of the alcohol will take 
part in the esteri&cation reaction ; and that, therefore, alcohol 
cannot be regarded as a real catalytic agent, even if it exerted 
any catalytic infiuence. 

When the solvent playa no part as an actual reagent, it is 
possible to regard it as a catalytic agent ; but the problem is 
complicated by tiie fact that we know very little about the 
factors which govern solubility. It has been pointed out on 
previous pages that a catalyst may vary in its action according 
to the nature of the material upon which it acts and also that 
it may stimulate one reaction while leaving a parallel reaction 
almost nnafieeted. Now, in tbe case of solvents, a rough paral- 
lelism to this latter action may be detected. For example, 
in aqueous solution the interaction of mercuric chloride and 
potassium iodide results in the predpitation of mercuric iodide ; 
whereas the same reagents in acetone solution give rise to a 
precipitate of potassium chloride. Here, evidently, we might 
apeak of a " directive infiuence " of the solvent, which leads to 
^e favouring of one reaction rather than another ; but in view 
of oar ignorance of solution phenomena, it is hardly safe to do 
more than point to the apparent parallelism between the cases 
of catalyst and solvent 

Instead of considering solvents in general, it will sufiSce for 
the present purpose to confine attention to the case of water. 
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When two different salte are diBsolved in water, the rate of re- 
action between them is greatly increased owing to the forma- 
tion of ions; yet the water can in most caees be recovered 
intact after the reaction is terminated. Further, a very small 
quantity of water is sufficient to convert an unlimited quantity 
of the initial materials into the end-products in the case where 
the latter are insoluble.* In its capacity as an ionising medium, 
then, water may reasonably be r^arded as a catalytic agent 

In some reactions it is found that the presence of liquid 
water is necesaaiy. For example, at 100° C. oxygen and 
sulphur dioxide do not combine in presence of water vapour, 
thoagh when a particle of liquid watw is introduced into the 
system, oxidation takee place at oace.* Even in the state of 
vapour, however, water can exert a cataljrtic influence, as was 
first pointed out by Dixon * and later confirmed by the work of 
Baker.* Water is found to act both as a positive and as a 
negative catalyst. In the combination between carbon mon- 
oxide and oxygen, it plays the part of an oxygen carrier and 
assists the combustion ; whereas in the decomposition of diazo- 
acetic ester* the presence of water has an inhibitory effect 
upon the reaction. In view of the fact that hydrogen and 
hydroxyl ions are known to exert catalytic effects, it seems 
possible that some of the catalytic phenomena observed in the 
case of water may be due to the preaence of these ions. 

6. Some Theorieg of Catalytic Action- 

Catalytic processes may be grouped mider the following 
heads: (1) heterogeneous catalysis ; (2) homogeneous catalysis. 
In heterogeneous catalysis, the catalyst and the reacting sub- 
stances are in different states of aggregation, as, for example, 
when hydrogen and the vapour of an unsaturated hydrocarbon 
are combined in presence of finely divided metals in the 
Sabatier and Senderens method or when the decomposition of 
a solution of hydrogen peroxide is catalysed by particles of 

1 DixoQ, Journal of Oaa Lighting, 1881, 37, 70*. 

■ Dixon, Brit. Attoe. Btp., ISSO, 693; cm ftlao Mn. Fulh&me, An Euay on 
CombutlvM, 1794, for a foreBhadowing of this. 
> Baker, TVans., 1394, 66. 611. 

• Bredig and Fiftnkel, Bar., 1908, 38, 1756. 

* Oompare the case of the tartrates and laoemate of rubidium on p. 00. 
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colloidal plstiDum. Id cases of 'hymageiM.oui cataiysiB, the 
catalyBt is in the same physical condition as the reagents, as in 
the catalytic action of nitric oxide in the Chamber Process, 
where all the materials are gaseous, or in the case of the in- 
version of cane-augar by the aid of add, where the whole 
system is a solution. 

The theories of cataljiiic action which have been put forward 
from time to time are very numerous; and here it will be 
possible only to give an outline of the more important onee.* 

Theories founded on Adsorption or Surface Action. — In 
the course of his investigations upon the power of metals to 
induce the combination of gases * Faraday was led to the con- 
clusion that since gases may suffer very great changes in the 
relative distances of their particles by external agencies, the 
approximation of those particles may be very great when the 
gases are attracted to and held by the surface of, say, plati- 
num ; * and it was to this state of affihirs that he attributed the 
readiness to react which is shown by certain gases when placed 
in presence of metals. To express the matter in modem 
language, Faraday believed that the two reacting gases were 
adsorbed by the platinum, and that being thus brought into 
intimate contact with each other, they proceeded to interact. 

Clearly this hypothesis implies that the area of the exposed 
surface of the metal will be one of the governing factors in the 
problem, since the greater the surface, the larger is the quantity 
of adsorbed material which can find a place upon it. Actually, 
of course, it is found that the more finely divided the metal is, 
the greater is its catalytic power ; so that the adsorption theory 
is in agreement with the facts. Again, the degree of adsorption 
varies from gas to gas for the same soHd adsorbing medium ; * 
and it is possible on this ground to explain the "poisoning" 
effect which is exerted by some gases upon finely divided 
platinum. If the " poison " is strongly adsorbed by the metallic 
surface whilst the reacting gases are weakly adsorbed, it is 
evident that the main part of the adsorbing surface will be 
occupied by molecules of the " poison " and consequently there 

> For further intotmatioiL see Mellor, CJumieal Statict and Dynamia, and 
BidaoJ, Cataiy$i* in Theory and Practict. 

* Fandaj, Exparimmial BMMrehM, Sixth Series, Vol. I., p. 166. 

* Farttday, lot. eit., paragraph 361. 

«3ae BancToIt, /. Phytieal Ch»m., 1917, 21, No. 8. 
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will be less of it free to adsorb the reagents which it is desired 
to bring into combination. 

Another view of surface action is due to J. J. Thomson.* 
According to him, adsorption is accompanied by a change is 
the physical state of the adsorbed material. In the case of a 
aolation spread out in thin films, the influence of capillarity is 
very great and in certain cases it may become so great that it 
may alter the state of equilibriom in a system. Surface tension 
depends upon the nature and the concentration of the system 
which exhibita it ; so that if the E^THtom is undergoing chemical 
change, the surface tension must be altering concurrently. 
Now Thomson has shown that if the surface tension increases 
as chemical action proceeds, the influence of capillarity will be 
exerted against the chemical action ; whereas if the chemical 
action is tending to prodace a lowering of the surface tensi(m, 
the cajnllarity of the system will favour the reaction. 

It has been suggested by Langmnir * that, in addition to 
the mechanism of ordinary adsorption, an orientetion of mole- 
cules occurs in certain cases. For example, when a thin film 
of a fatty add is allowed to float upon water, Langmuir sup- 
poses that the carboxyl groups congregate in the aqueous 
layer whilst the hydrocarbon radicles spread upward into the 
gaseous region above : — 

vCHj yCH, ^CHj 

C^ C^ CH, Q'-eou.toyer. 

ioOH COOH COOH liquid Uj«r. 

The good results obtained in the hydrolysis of fats by 
means of Twitohell's reagent lend a certain amount of support 
to Langmuir's views. The Twitehell reagent is prepared by 
the action of concentrated sulphuric acid upon a mixture of 
oleic add and some aromatic hydrocarbon such as benzene or 
naphthalene ; by which process a sulphonic acid is produced. 
This acid fulfils all the requirements of the process of hy- 
drolysis : it is a strong acid and an active catalyst ; owing to 

> 3. 3. Thonuon, Applieatiim of Dynamiet to FKyaict and Ch*mi*try, 1888, 
pp. 306, aS6. 

» Langmnir, J, Amer. CJiem. Soc., 1916, 38, 2221; 1917,39,1848; 1918, 
«,1861. 



D,g,l,..cbyGOOglC 



CATALYS/S afi? 

the presence of the addic group it 1b soluble id water ; ajid 
since it contains a hydrocarbon chain it dissolves in the fat 
upon which it is to act. The oleic chain helps the material to 
produce a soapy solution which promotes the intimate com- 
mingling of the various substances present. On Langmuir's 
hypothesis, any molecules lying on the border-line between fat 
and watery layers would have the hydrocarbon portion dis- 
solved in the fatty layer and the acidic part dissolved in the 
aqueous layer. 

The Intermediate Compound Theory of Catalysis. — This 
conception of the catalytic process involves the assumption 
that the catalyst acts as a " carrier " in the transference of 
certain atoms from one compound to another. The rationale 
of the process may be illustrated by the preparation of chlorine 
from hydrochloric acid by oxidation in presence of the catalyst 
cupric chloride: — 

(1) 4CuCl, - 2Cu,Cl, + 2C1, 

(2) 2Cu,Cl, + 4HC1 + O, - 4CuCl, + 2H,0 

It is obvious from the above equations that the cupric chloride 
decomposes, yielding chlorine ; exii that the cuprous chloride 
tiiue formed then combines with more chlorine in the second 
- stage of the reaction, regenerating cupric chloride. Thus a 
small quantity of cupric chloride will serve to convert an 
unlimited amount of hydrochloric acid and oxygen into 
chlorine and water. 

In some cases it is impossible to isolate the intermediate 
compounds which are assumed to be produced during the 
reactions. For example, when copper salts are employed as 
catalyste in the oxidation of aniline to aniline bla(d[, it has not 
been possible to establish the oscillation of the copper between 
&e cuprous and cupric states, though this change is supposed 
to lie at the root of the process. 

Even in such cases, however, it is sometimes possible to 
observe suggestive phenomena. For example, when copper 
gauze is employed as a catalyst in the conversion of methyl 
alcohol into formaldehyde at low temperatures, it is found that 
the colour of the gauze surface undergoes periodic changes.* 

■ This c&n be sesD b; heating a small roll of ooppw gauze and dropping it 
nhile hot into a test-tube oontBining a few drops of methyl alcohol. Variations 
in th« ookHit of the ganze are ea^ljr 8e«i. 
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From these colour-choDges it is inferred thai an alternate 
oxidation and reduction of the copper is taking place. 

Even in the case of an inert metal like platinnm, surface 
changes occur which lend support to the intermediate com- 
pound theory. Platinum gauze which has been used as a 
catalyst ia the oxidation of ammonia is found, after a time, to 
have changed its structure ; the clean surface of the wires be- 
comes covered with a spongy-looking deposit of the metal. 
It has been suggested that this change in surface structure is 
due to a process of alternate oxidation and redaction of the 
platinum. If an oxide be formed, it is hardly likely to he 
PtO, since this appears to have very poor catalytic qualities ; 
and the suggestion has been made that PtOg may be the inter- 
mediate product in this inetanca 

In some cases, instead of an oxide, the formation of an in- 
termediate hydride of a metal is assumed to be a step in the 
process. For example, in the Sabatier and Senderens method 
of reduction in presence of finely divided metals, it is suggested 
that the hydrogen attacks the metal, forming a hydride which 
then yields up its hydrogen to the material under treatment.^ 

loim Theories oj Catalytic Action. — When either add or 
alkali is added to a mixture of water and an ester, the hydrolysis 
of the ester proceeds at a greater velocity than it does when no 
catalyst is added. Between the two types of reaction, how- 
ever, a distinction must be drawn ; for in the case of the alkali, 
the base is progressively used up during the reaction owing to 
the formation of an alkali salt of the acid liberated from the 
ester ; whereas in the case of the acid catalyst the phenomenon 
of auto-catalysis ia observed, owing to the liberated acid be- 
ginning in its turn to play a catalytic part. 

In the early days of the ionic theory of solutions, the 
catalytic influence of an acid was ascribed to the action of ions, 
the hydrogen ion being selected as the most active; and for a 
time this seems to have satisfied every one. But with further 
investigation, difficulties began to appear. For example, it 
was found that an N/2-8olution of nib-tc acid inverted cane- 
sugar 607 times as fast as on N/10-solution did, although the 
ratio of the numbers of ions present are as 464 : 1. This goes 
to prove that the catalytic action is not directly proportional 
' Sabatier, La eaialytt «n cfcimta orgtmi^u*. 
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to the nnmber of hydrogen ions present ; and it is now known 
that although in dilute solutions there appears to be a connection 
between the ntunber of ions and the catalytic effect, the results 
deviate more and more from this state of afiairs with increasing 
concentration of the acid.^ 

An even greater difSculty was found when the action of 
mixed acids and salts was examined. When to an odd there 
is added a salt yielding the same ion as the acid, it is found 
that the catalytic action of the mixture is greater than that of 
the acid alone. But on the ionic theory, the addition of the 
salt most reduce the ionisation of the acid and hence diminish 
the number of hydrogen ions in the solution. For instance, 
the velocity of hydrolysis of cane-sagar in presence of an N/20 
solution of nitric acid is represented by 29'9, Theoretically, 
the addition of a certain proportion of potassium nitrate solu- 
tion (0'04 N) should lower the velocity to 272 ; but in practice 
it is found to have the reverse effect, raising it to 339. Thus, 
although the ionisation of the acid is diminished, the catalytic 
effect ia increased. 

In order to escape from this difficulty, Arrhenius ^ brought 
forward the suggestion that the introduction of the salt plays 
a twofold part : in the Srst place it reduces the total number 
of hydrogen ions present ; whilst in the second place it stimu- 
lates the activity of those remaining. Another form of ex- 
planation is arrived at by assuming that solvates are formed 
on the addition of the salt ; and that owing to the withdrawal 
of water to produce these solvates, the concentration of the 
hydrogen ions in the rest of the system is increased. 

The idea that the undiseociated part of the salt has a 
catalytic action of its own is supported by the work of several 
investigators.* If it be accepted, then the velocity of a 
catalysed reaction can be regarded as the sum of two velocities 
whidi are determined respectively by the catalytic activity of 
the molecule and of the ion, eadi acting in proportion to its 
concentration. In the case of weak acid catalysts, the main 
activity resides in the ion ; but with increasing strength of the 

>Oitirald, J. pr. Chm., IBBC, 31. 307. 

■ Arrheaiiu, Zoifwh. f\^i\ka.l. Chem,, 1S89, 4, !226. 

■Santer, Trant., 1907, 91, 460; Lapworth, Und.. 1906, 9S. 3197; Aotm 
•md Nlrdlinger, Amer. Chmi. J., 1907, 38. 469; Bnethl&ge, Zeitsch. EUk- 
troehtm., 1913, 18, fiSQ ; Zntich. pKytil^L Ch«n>., 1918, 86, 311. 
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add, the nndisaodated molecule b^ns to play its part; until 
in the case of hydrochloric add it is assumed that the ionic 
catalytic influence falls into the aecond place. 

Applying this hypotheaia to the facts given above, it will 
be found that it is quite in accordance with them. It accounts 
for the fact that when the concentration of a strongly add 
catalyst is increased, the catalytic action becomes greater than 
the value calculated from purely ionic considerations ; because 
with increase in concentration, more andissociated molecules 
are being brought into the solution. Again, the influence of 
neutral salts is explained on the assumption that by reducing 
the ionisation they bring into play the catalytic activity of the 
molecules of the add instead of that of the ions. 

Apart from a certain air of " heads-I-win-tails-you-loee " 
which is unavoidable in a case of this kind, the hypothesia 
appears to be satisfactory. It seems not improbable that in 
concentrated solutions there may occur some process akin to 
that of ionisation by collision which ia known to take place in 
gases. If it be assumed that a collision between an ion and a 
molecule may in some circumstances produce a charged mole- 
cule which has a catalytic influence, the mechanism of the 
process becomes quite explicable ; for such collisions will take 
place frequently only when the solution is a concentrated one ; 
and the retention of the charge by a molecule would depend 
very largely upon the molecular character. 

Radvint Energy and Chemical Beactions. — Perrin ^ has 
drawn attention to the relations between radiation and reactifms 
in the following manner : In the case of a monomolecular re- 
action, he points out, a fixed fraction of the material present will 
be decomposed during unit time, provided that the temperature 
be constant. This rate of decomposition is unaflected by the 
presence or absence of molecules of another substance in tiie 
same vessel ; and hence it follows that the molecular decompcei- 
tion is entirely independent of collisions between two or more 
molecules. Whether an unstable gas be under high or low 
pressure, the same proportion of its molecules will break up 
during unit time ; although in the one case there are frequent 
inter-molecular collisions whilst in the other the mutual impacts 
of molecules are few and far between. 

' Psmn, La AUm—, 19IS, pp. 380 ff. 
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This seeina sofficient to establish Perrin's thesis that the 
probability of breakdown in a molecule does not depend upon 
external shock. What, then, produces the " fragile " phase in a 
molecole'e existence during which phase it is liable to decompose ? 
In Perrin's view, since temperature has a very marked influence 
upon molecular stability, we must seek in this direction for the 
required explanation. Since temperature manifests itself through 
radiation as wdl as through molecular collisicaiB, he believes that 
tbe (nigin of molecular dissociation is to be found in tiie light- 
waves which, whether visible or invisible, fill iiie space in which 
molecules move. A^ he puts it : " We must seek in an action 
of light upon atoms a mechanism which is essential to all 
chemical reactions ". 

Let tis look at the matter from a slightly diSerent point of 
view.' Oxygen and hydrogen exist side by side at ordinary 
temperatures without showing any inclination to combine with 
each other; but when the temperature is raised to 600° C, tiiey 
unite with almost e^losive viol«ice. Kow, on a purely kinetic 
basis, it can be calculated that the increase in the number of 
molecular collisions for a 10° C. rise in temperature is only 2 per 
cent. , yet in the same range it is found that the velocity constant 
of the reaction more than doubles itself. Obviously some factor, 
other than mere molecular impact, is making its presence felt. 

Arrbenios assumed that under any conditions the number 
of molecular impacts was sufficiently numerous to govern the 
velocity of chemical change; but he introdnced the idea of 
" active " and " inactive " molecules, and made the hypothesis 
that an inter-molecular collision was eflective only when an 
"active" mtdecule was concerned. He formulated the follow- 
ing expression : — 

dlogK E 
dT °RT* 

to express the relation between the velocity constant o£ a reac- 
ticm and the temperature. Here G is the energy required to 
convert one gramm&-molecule from the inactive to the active 
condition. A similar expression was deduced by Uarcelin* on 
the assumption that an inactive molecule passes into tiie active 

^ATihemat,Z»iUeKphi/tikal.Okmi.,lB8a,i,22; 1890,88,317. 
• Muoelin, Compt. rtnd., 1914, 16S, ISl. 
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state when its internal enei^ exceeds a definite critical value. 
On Marcelin's hypotheeia, the factor £ in Arrhenius' eqoaUon 
represents the extra amonnt of enet^ (over and above the 
average energy of the molecules) which most be sapplied in 
order to bnng about the change from an inactive to an active 
state. This relationship has been further investigated by Lewis, ' 
bat his work must be conaolted in the original papers. 

6. GowAuaion. 

In the space of a short chapter it has only been possible to 
draw attention to some of the most interesting points in con- 
nection with catalysis ; and no attempt has been made to write 
a full account of the phenomena in this field. 

Enough has been said, however, to show that here, as in 
the case of colloids, no single hypothesis seems capable of in< 
eluding all the known facta ; and it appears probable that 
instead of working toward a comprehensive theory, it will be 
found advisable to seek in some division of the subject a better 
chance of arriving at an explanation of these puzzling pheno- 
mena. It is hardly possible to include under one head cases of 
intermediate compound formation and of ionic catalysis, ev^i 
though electncal factors be assumed in both regiona 

The industrial applications of catalysis are now so numerous 
that even the mere mention of them by name would occupy a 
chapter in itself. For information on this subject, the reader 
is referred to the works mentioned in the bibliography at the 
end of this volume. 



D,g,l,..cbyGOOglC 



CHAPTER XVI. 

THE SPECTRA OF THE ELBUENTS. 

1. Introductory. 

The application of tihe specfcrosoope to chemical problems is com- 
paratively recent, since it was aaiy &om 1860 onwards that its 
possibilities were fully recognised ; bnt even in that brief span 
it has proved itself one of the most powerful weapons in the 
hands of investigators. Caesium, ruhidiuoi, thallium, indium, 
gallium and five inert gaseous elements were alt discovered by 
the aid of spectroscopic methods, which is sufficient to prove how 
valuable an adjunct to chemistry the spectroscope has become. 

In the chemical applications of spectroscopy there are three 
main fields of interest : emissioa spectra, phosphorescence 
spectra and absorption spectra. The two former categories 
include cases in which light is emitted by the substance under 
examination, while absorption spectra are coacemed with the 
nature of tiie light which a compound absorbs. The relation 
between viable colour and chemical conatitution repreeents a 
iBWich of abeca^tioo spectroscopy, from which it may be seen 
how wide a field is covered by the subject.' 

In the present chapter, only emission spectra and phoepbor- 
eacence spectra will be described. But before dealing with them 
in detail it is desirable to define the meaning of certain terms 
which will be used later. 

When a piece of iron is slowly heated, its rise in tempera- 
ture is accompanied by certain changes in its radiation. At 
first, only the heat-rays of the infra-red region are emitted ; 
tiien, as the temperatote is raised, it ^ows doll red, showing 
that the red end of the spectonm has been reached ; while farther 
heating changes the colour of the inm through bright red up to 

' For tarther informatioa with ng»id (o kbaoiptlon speotn, refsTence 
11W7 be made to Smiles, Chamieal CoiuHtution tmd Phyieal PivprnrltM, 1910. 
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white. Examination by means of the e^tectroscope will show 
that at each of these stagoa the iron ia emitting a continuous 
serieB of radiations ; for the ttpectrum appears as an unbroken 
band of light which extends further and farther toward the 
ultra-violet as the temperature rises. This uninterrupted band 
of light varies in colour from point to point, of course ; but it is 
apparently built up from a seriea of vibraticHis so complete that 
we can detect no break in the set Such an unbroken series of 
vibrat^<ms is termed a continuous ^ectrum. 

Now when nitrogen is placed in a vacuum tube and excited 
by means of an electrical discharge, its spectrum ditfers from 
that of a heated solid such as iron. Instead of tiie o(KitinuouB 
band of light, the spectroscope reveals a series of flntings, almost 
like those on a Corinthian column illuminated from the side ; 
and between the flutings Uiere may be dark spaces. Careful 
examination with a powerful spectroscope brings to tight the 
nature of these flutings. They are found to be groups of fine 
lines which are so arranged that they stand doso- and closer 
together towards one or other end of the spectrum, so that 
Snally they appear to run tc^ther in a single line which is called 
the head. The Ixightest part of the arrangement ia obviously 
the region in which the lines approximate moat closely to each 
other ; and the brilliancy diminishes as the lines fall more and 
mca-e apart towards the tail of the grouping. The fluted ap- 
pearance is due to the presence in the spectrum of several such 
groupings, which produce an alternation of strong and faint 
areas in the strip of light. In some cases there are actual gape 
in the spectrum where no lines at all occur, so that it is built 
up of several disconnected light-groupe. Spectra which con- 
tain arrangements of this kind are known aa band spectra. 
It should be noted that in the case of phoaphoreacence apectra 
it has not yet been possible to resolve the bands into lines ; 
but there seems to be little doubt that the phosphorescence 
spectrum is essentially the same aa an ordinary band spectrum. 

Finally, there are other apectra in which the lines are so 
widely separated from each otiier tiiat no banded structure is 
apparent ; the spectrum takes the form of a series of brilliant 
hues upon a dark background. In this case we have what is 
called a line spectrum. 

From what has been said above, it ia evident that continu- 
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oofl apecira offer littie iDterest from the chemical standpoint. 
The difference between .the spectrum of a mass of heated iron 
and that of heated lime ia merely one of temperature and has 
nothing to do with the chemical characteristica of the two 
materials. Both, when raised to a white heat, emit the same 
spectrum. Line and band spectra, on the other hand, are 
cloaely connected with the nature of the material under ex- 
amination ; and each element when examined under uniform 
conditions emits ite own characteristic spectrum. Not only so, 
but even the same element exhibits different spectra according 
to the manner in which it is excited. 

2. X-ray Spectra. 

The simplest spectra which have as yet been discovered are 
the X-ray spectra. X-rays have now been proved to be ordin- 
ary light in which the wave-lengths are extremely small, so 
that in the complete spectrum the X-ray region lies far beyond 
the ultra-violet 

When any material is bombarded vrith a stream of cathode 
particles in a Crookes* tube, it emits X-rays. These rays, 
owing to their extremely small wave-length, cannot be re- 
fracted or diffracted by ordinary prisms and gratings; but 
diffraction phenomena are observed when the rays are allowed 
to impinge upon crystals. Taking advantage of this behaviour, 
Moseley ' investigated the character o£ the X-rays emitted when 
various elements were subjected to the cathode bombardment. 

Owing to the fact that the crystal is a three-dimensional 
object whereas an ordinary difii-actioti grating is two-dimen- 
siona], the X-ray spectra are composed of fewer lines than the 
ordinary light spectra yielded by prisms or gratings. In 
general, the elements give rise to X-ray spectra containing 
two strong lines, along with other weaker ones which are re- 
lated to them, Moseley discovered that Uie frequency {i.e., the 
reciprocal of the wave-length) of a ^ven line in the X-ray 
spectrum could be expressed by the formula — 

J- - A(N - b)' 
in which v is the frequency, A and b are constants, and N is 

> UoMley, PMI. Mag., 1913, 2B. lOM ; 1914, 87. 70S. 

iS" 
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what is known as the Atomic Number of the element under 
examinalioD.* 

This example suffices to bring out two points. In the fiist 
place, there is smnething calcniable in connection with spectral 
lines; and, secondly, there must be some general relationship 
between the spectra of all the elements, since a single formula 
suffices bo express their characteristics. 

3. Flame Spectra. 

The spectra of volatile materials in flames are among the 
tirst phenomena which the student encounters in his analytical 
training, for the ordinary flame teste depend upon them ; but 
when the matter is examined with proper precautions it is 
found to be by no means so simple as it appears at first sight. 
It must be remembered that a flame is not a uniform thing, 
but possesses a somewhat complex structure; and in conse- 
quence of this oi^anisation, each of its diflerent zones has a 
character of its own which exerts a certain influence upon 
spectroscopic work. 

Examination of a Bunsen flame will show that it is com- 
posed of three main zonee which are readily distinguishable 
from one another. In the very centre of the flame, just where 
it emerges from the jet, there is a blue cone. Superimposed 
upon this there is a greenish intermediate zone, more lummons 
than the blue cone. Finally, the main body of the flame is 
an outer zone which is almost ncm-luminous. The bine cone 
contains an excess of coal-gas and forms the reducing part of 
the flame ; the intermediate zone is supposed to be a region 
in which the air and gas form an explosive mixture of a con- 
centration snch that the velocity of the explosion wave is 
exactly the same as the rate at which gas is issuing from the 
burner ; the outer mantle of the flame contains a mixture of 
gas and air which varies in composition from centre to super- 
ficies, gas being in excess in the inner parts and oxygen in ex- 
cess at the surface. This outer mantle forms the oxidising 
flame of the Bunsen. 

It is quite evident that when a salt is introduced into such 
a flame, each of the three regions will exert a different influ- 

* The tenn Atomia Number ia ezpliiined od p. S39. 
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enoe; and it ia to be expected that the spectznm emitted from 
each region will differ from that of its neighbour. This can 
be shown to be correct in the following manner. Suppose that 
some potassium salt is introduced into the flame in order to 
colour it ; and that the image of the flame ia then projected 
by means of a lens upon the vertical slit of the spectroscope, 
care being taken that the whole length of the flame is on the 
slit at one tim& When the spectrum is then examined, it will 
be found to consist of three horizontal regiona of different char- 
acters: one corresponding to tiie blue cone, another to the 
intermediate zone and a third to the outer mantle. There is, 
of course, a certain overlapping of the. effects ; but the main 
characters of the various zones are clearly visible. 

In the strip corresponding to the blue cone, all the hnee 
of the potassium spectrum are detectable and in addition there 
appears what is known as the Swan spectrum, which may be 
due to the presence of hydrocarbons in the flame.* These two 
spectra appear upon a continuous background of light which 
may be the continuous spectnun produced by particles of carbon 
or unvolatilised fragments of the potassium salt in the flame. 

In the second, intermediate, zone this continuous spectrum 
is not observed ; nor is the metallic spectrum complete. Some 
of the potassium lines are missing. 

The spectrum of the outer zone is found to contain only a 
few of the strongest potassium lines upon a completely dark 
ground. 

This experunent is sufficient to show the complexity of even 
a simple " flame apectnun " ; hat a modiflcation of the experi- 
mental conditions takes us a stage further forward. When 
various potsasium salts are Introduced into the flame, the lines 
characteristic of potassium are always shown ; and when dif- 
ferent sodium salts are employed, they all exhibit the D-line 
of the sodium spectrum. From this it seems evident that in 
the spectra of the flames we are observing the spectrum of the 

* The oaDu of the Swan apectrum hu not jet beaa utUbotorily sxpl&ined. 
This pftrticaJM ipectrain is a band ■peoCram and it is oboeired in (he innei oone 
of an aoetylBue flune, in vacuum tubes oontaining hjrdrocaiibouB, in Bpark dis- 
chargee from oarbou electrodes through moist tin or hydrogen, in the oyanogen 
Bame attd in discharges tbrongh oarbou disnlphide, chlaroform and oarbon tetra- 
ehloride. It appev* to be absent from the flames ol carbon monoxide or carbon 
disnlphide. 
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metal and not the spectra of the variotiB componnds which are 
used. If for the alkaU metale we subatitute metals of the 
alkaline earths, it is found that the spectra differ from one 
another when a chloride is subetitated for a bromide or an 
iodide ; and from this behavionr it ia inferred that the spectra 
observed here are those of the compounds and not of the 



In the case of gasea, the spectra of compounds have been 
observed in not a few cases, e.g., ammonia, cyanogen, and sih- 
con tetrafluoride. As a whole, however, Uie subject has not 
been deeply studied. 

4. Bevereion Spectra. 

In ordinary spectroscopic practice, when it is necessary to 
examine the spark spectmm of a dissolved substance, the 
negative pole of an induction coil is placed in the solution and 
the positive pole outside. In this case, the spark exhibits the 
spectrum of the solute quite normally. If, however, the 
electrodes be exchanged, so that the positive pole is placed in 
the solution and the negative electrode is brought very close 
to the surface of the liquid, then a new phenomenon is ob- 
served. The liquid in the neighbourhood of the spark glows 
visibly in the case of some solutes, especially salts of the rare 
earth group. Owing to the inversion of the usual procedure 
in this case, these spectra are termed reversion spectra. 

The spectra thus observed are hand spectra. In dilute 
solutions, the spectrum is almost entirely independent of the 
nature of the acidic radicle in the salt ; but concentrated or 
strongly acidic solutions show a different spectrum which ia 
supposed to be that of the undissociated salt. 

6, Phoaphoresoenee Spectra. 

When some solids are subjected to the cathode bombard- 
ment in a Crookes' tube they emit light ; and examination 
shows that the spectrum thus pwluced is a band one. It is 
possible to draw up certain general rules to which the majority 
of the phenomena conform, though these rules are not rigidly 
applicable in every case. 

The cathodic phoepboresoence is not a general (aroperty of 
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mattw, for certain materials ahow no trace of light-emifltnon 
when subjected to the cathode discharge. Among these non- 
phospboreecent Bubstances, however, some are foaod which, 
while showing no activity when pure, are capable of exhibit- 
ing phosphorescence in presence of traces of impurities. Also, 
some compoands which show phoephorescence when apparently 
pure have the power of light-emission very much increased by 
the addition of a trace of impurity ; and the character of the 
light which they throw out may be markedly affected by the 
nature of the impurity added. Thus zinc sulphide, when pre- 
pared in a special way, shows a green phoephorescence under 
the cathode rays ; with the addition of a trace of bismuth salts, 
the tint of the emitted light alters ; and when the impurity is 
a b:ace of manganese, the light changes to golden-yellow or 
even orange. 

The general eSect of impurities may be described as follows : 
Suppose that a certain substance A is non-phosphorescent when 
pure but acquires the power of phosphorescence by the addition 
to it of a trace of B. As the proportion of B present in the 
mixture is increased, the phosphorescence becomes stronger untU 
a maximum is attained. Beyond this, further addition of B 
leadsto a weakening of the phosphorescent power. Id genera!, 
the percentage of B which gives the maximum phosphorescence 
is 0*5 per cent, to 1 per cent. An increase in the proportion of 
B to 20 per cent, may entirely extinguish the phosphorescence,* 

If B is a compound of one of the rare earth elements, 
the phosphorescence spectrum may be a discontinuoua one; 
but each of the bands composing this discontinuous cpectrum 
obeys the above law of maximum composition. The moat 
refrangible bands — those at the violet end of the spectrum — 
reach their maximum brightness with smaller percentages 
of B than are required to influence the red bands ; hence, 
aa the percentage of B present increases from zero upward, 
the colour of the phosphorescence, as seen by the naked 
eye, usually passes from the violet toward the red. 

■Oompare with this the graduai inonass to a moziinum and aubtiequent 
deoruwe in illumiiubtiiig power which ii found when tlie peroentage of oerium 
in an incandeaoent gsa nukntle ii raised. The light from a mactle ooataiciug 
99 par cent. Ihorium and 1 per cent, oeiium ie aboat seven times aa bright ai 
that of a mantle oontaining pun thotium, 
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The compound B is generally termed the phoaphorogen 
and the coiiipo.aQd A ia koown as the diluent. 

It appears probable that cathodic phosphorescence is 
intiuiately connected with the preseBce of a sohd solution. 
For instance, if zinc sulphide be prepared by precipitating 
a solution of s zinc salt contuning a trace of a manganese 
salt, the dried precipitate shows no sign of phosphorescence 
under the cathode discharge ; but if the precipitate be heated 
in an electric furnace for a certain time, the material will 
be found to have acquired the power of emitting a golden 
light under the action of the cathode rays. Evidently a 
mere mixture of zinc and manganese sulphides is not sufficient ; 
the tvro must be heated together: and iu this heating it is 
supposed that a solid solution of the manganese sulphide in 
the zinc sulphide is produced. 

A practical application of phosphorescence spectra ia to 
be found in the identification of elements of the rare earth 
group, since the merest trace of the phoaphorogen suffices 
for an examination and the spectrum ia characteristic of 
the element present as an impurity. Pure lime ia used aa 
the diluent. A great advantage of phosphorescence spectra 
is due to the fact that they contain no " air lines " nor do 
they show lines due to the elements of the electrodes. 

6. Arc S^^cctra. 

Owing to the comparatively low temperatures of even 
the hottest flames, it is impossible to volatilise many sub- 
stances by means of a flame; so that in order to examine 
the spectra of these materials recourse must be had to the 
electric arc. Various methods are employed, such as using 
electrodes of the substance to be examined, or by filling ttie 
core of a hollow electrode with a salt of the metal or by 
saturating carbon electrodes with a solution of the salt and 
allowing them to dry before use or by placing some of the 
salt in a hole at the end of the electrode. 

However the arc spectrum be obtained, it is found to 
be much more complex than that which is observed in the 
case of a flame. The spectrum of an arc between iron elec- 
trodes, for example, contains some two thousand lines. 
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When the arc spectrom of a metal is examined, a Btrikiug 
peculiarity of the lines is revealed. Fig. 30 shows a portion 
of the arc spectrum of iron. It is evident that the " lines " 
in this are not uniform either in length or in thickness ; and 
the larger ones can be seen to exhibit cigar-shaped outlines. 
Consideration will show the meaning of the difierencea in 
length Suppose that the arc image is focussed so that the 
horizontal arc is at right angles to the vertical slit of the 
spectroficope and that the image of the arc has a diameter 
exactly equal to the length of the slit. Then in the case of 
a long line in the spectrum it is clear that the material giving 
rise to this line most have extended right acroas the arc from 
top to bottom, since traces of it appear over the whole slit. 
In the case of a short line, on the other hand, the two ends 
of the slit are evidently producing no image on the photo- 
graphic plate ; and only the middle portion of the slit is ht 
up. by this particular light. This clearly implies that the 
material giving rise to this hue does not extend right through 
the arc, but is confined to its central portion. Now the 
central core of the arc is obviously hotter than the outside 
zone ; so that the short lines are produced only in the hottest 
zone of the arc whilst the long lines are emitted ' by both 
hot and colder ports of the arc. Whence we may reasonably 
infer that the long Unes correspond to a material at a tem- 
perature lower than that of the subfltance which produces 
the short hues. In other words, in tiie case of a mixture, 
the longest lines would be those of the more volatile of the 
two components, whilst the sh{»-t lines would be those of 
the lees volatile component which could only be yaporised 
in the hot core of the arc. 

In the spectrum in Fig, 30, however, there is no question 
of a mixture, since the only substance preeent is the element 
iron ; and we are thus driven to conclude that the difierence 
in the length of the lines corresponds to a difference in state 
of the element in the centre and at the edge of the arc. In 
other words, the spectrum of iron depends upon Uie tem- 
perature at which it is examined. 

With regard to the second factor, the breadth of Uie 
lines, it is found that an increase in pressure of a gas tends 
to broaden the lines in the gas's spectrum : so it appears 
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that the breadth of the lines may be related to the denaty 
of the gae which prodaces them. 

7. Sfarh Spectra. 

When, instead of an arc discharge, an electric spark from 
an induction coil is passed between two metallic electrodes, 
a line spectrmn is produced which at first sight appears 
very similar to that of the arc. Closer examiQation reveals 
an apparent increase in the number of the lines; but a 
careful comparison between arc and spark spectra shows 
that this increase is not a real one. Moet of the lines in 
the spark spectrum can be traced also in the arc apectrom ; 
hut in the spectrum of the arc some of them are so short 
aa to be hardly noticeable. 

Thus the main difference between the arc and spark 
spectra is to be found in the fact that the spark spectrum 
contains lines of a length greater than the corresponding 
lines in the arc spectrum. These lines which increase in 
length as we pass from arc to spark are termed enhanced 
lines. 

Taking into consideration the facts given in the previous 
section as to the connection between length of line and 
temperatnre, it might be assumed that the electric spark 
is very mnch hotter than the electric ara There is no 
evidence against this view ; but it is well to be cautious 
and to bear in mind that the electrical state of affairs in 
the spark is widely different from that in the arc ; and this 
difference in conditions might suffice to account for the 
difference in the spectra, without any temperature effect 
coming into play at all. 

8. Begularities in Line Spectra. 

Though at first eight the spectra of elements appear to 
contain a number of lines in completely irregular distributirai 
(see Fig. 30), closer examination reveals the fact that definite 
relationships can be traced in some cases between the different 
vibrations, so that the spectra actually display certain regu- 
larities. 

The simplest relationship is found in cases where there 
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ia a constant difference between the oscillation frequencies* 
of certain lines. If i>j, v^, v,, etc., be tbe frequencies of three 
different lines in a spectrum, this relation is expressed by — 



For example, in the spectrum of magnesium there are lines 
haring the frequencies shown below : — 



(I.) 


(II.) 


DiffeniDiM. 


1938-9 


3806-0 


677-1 


1933-9 


3609-9 


677-0 


1984-6 


2611-9 


677-* 



Thus the corresponding hues in columns (I.) and (IL) differ 
from each other by 677 units. 

The second type of relationship between spectral -lines 
is more complex. It is found that some spectra contain 
sequences of lines diminishing in intensity as the wave- 
length increases and related to one another in a manner 
which can be expressed in a mathematical formula. The 
first successful attempt to groap these series, as they are 
called, into a common arrangement was made by Balmer,' 
who showed that the positions of lines in the hydrogen 
spectrum could be calculated with considerable accuracy by 
means of the formula — 

X = A V X 10~'cms. 

m, - 4 

Here \ is the wave-length of the line ; A is a constant equal 
to 3645 for all the hues of the hydrogen series; and m is 
one of the integers in the series 3, 4, 5. 

More accurate results are obtained by the use of other 
formultB su^eeted by Kayser and Runge ' and by Rydbei^.* 
The former investigators used the following expression: — 

V ■- A. + B»-* + Cn~* 

wherein v is the oscillation frequent^ of the line ; n is a 
whole number in the series 3, 4, 5 . . .; and A, B and C 

■Bmhner, Ann. d. Fhytik, 18SS, 26, 8- 

■Kayier and Runge, Und.. 1890, 41> 303. 

■ BTdberg, ZeiUeh. phytikal. Chtm., 1890, 6, 337. 

'The oscillation freqnanc; ia (he reciprocal of the wave-length. 
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are constants calculated for each particular spectral series. 
Bydberg's formula is — 

"■■«■>- 7 Ti 

0* + »»)* 

in which v is the oscillation frequency of the line ; m is an 
integer of the series 1, 2, 3 . . . ; ng and fi, are characteristic 
constants differing from spectral series to spectral series ; 
whilst Kg is apparently a oniversal constant having the value 
109676 and applicable to all series. The discovery of Byd- 
berg's constant makes his work of more general importance 
than that of Kayser and Range. 

These fonnalsa enable us to determine the positions of 
all the lines belonging to a single spectral series in a given 
spectrum ; and by their aid it is possible to sort oat from 
an apparently irregular grouping of lines two or three 
perfectly regular, independent series, the superposition of 
which produces the apparent confusion in the complete 
spectrum . 

In view of the complexity of certain line spectra, it 
might be aoggested that in their case agreement with the 
formulfe is leas surprising than non-agreement would be, 
since the lines are so closely placed that almost any formula 
would find one set of lines which, would agree with it. There 
is, however, satisfactory experimental evidence that the lines 
of a spectral series are physically and not merely mathe- 
matically related to one another; and it may be well to give 
a short description of this. 

When a light-source is placed in a poweiful magnetic field 
it is found in some cases that the spectrum of the source is 
altered. For examj^e, when the magnet is not in action, the 
spectnun may show a single line in a particular position. On 
switching on the magnet and examining the spectrum with 
the spectroscope at right angles to the magnetic field, the 
original single line is foand to be split up into three components. 
Viewed through a hole running through the two pole-pieces of 
the magnet, two lines are seen instead of the original single 
line. ThiB phenomenon is known as the 2eeman effect, after 
its discoverer.' 

' Zeeman, PMI. Uag., 1897, 43, 226. 
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The cause of the Zeemati effect is ttie action of the magnetic 
field upon the electrons within the atom; and it ia evident 
that if several lines in a epectmm show identical Zeeman 
phenomena, these lines must have a common origin in some 
part of the intra-atomic machinery which is influenced by the 
magnet. Now it has been found experimentally that if one 
of the lines in a spectral series is duphcated by the action of 
a magnetic field, all its congeners in the same series suffer 
exactly the same change ; * which shows conclusively that there 
is some physical relation between them. 

Further, if one of the lines in a spectral series is broadened 
by the application of heavy pressure to the gas emitting the 
spectrum, all the other lines of the same series are also 
broadened. 

A{;ain, when the method of producing the spectrum is 
changed, it is found that all the lines in a given series are 
either brightened or dimmed by the change in method. 

This evidence appeara to furnish conclusive proof that the 
spectral series are not mere mathematical coincidences but 
actually represent sets of vibrations which have a common 
ori^n or at any rate are physically related to each other. 

9. Line Spectra and the Periodic System. 

When the spectra of the elements are compared, it is found 
that there is a rough resemblance between the spectra of 
members of the same sub-group of the Periodic Table. Thus 
lithium, sodium, potassium, rubidium and caesium show a 
kinship in their spectra, whilst copper, silver and gold form 
another group of inter-related materials. The discoverer of 
this relationship was Leooq de Boisbaudran,^ who pointed oat 
that within the same class of elements the spectra resembled 
each other in general character bat that with an increase in 
atomic weight there was a shifting of the whole spectrum 
towards either the red or violet. This observation he utilised 
in the case of gallium, which he discovered shortly afterwards. 
Having only a very small qoantity of the element at his 

' loooq de Boubaadrftn, Arm. Boa. Set. naL C}iarmUt-I»ftri»ur», 1870. 
* Thii Is known m Pngton'i Law. It doea not hold good Id the cue of 
lialinm, but in geii«i»l it ftppean to be oorreat. 
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diaposal at first, he was unable to determine its atomic weight 
by chemical methodf ; but on applying the spectroscope, he 
noticed two characteristic lines in the violet. Comparing 
these lines with the corresponding lines in the aluminium and 
indium spectra, he calculated the approximate atomic weight 
of gallium from the relations between the three pairs of lines ; 
and in this way ' he obtained a value which was astomehingly 
near the mark (69-86 instead of 69'9). 

In apite of this sorprising success, the relationship in 
elemental spectra is not so simple as Boisbaudran supposed. 
The ratio of atomic weight to line wave-length is not by any 
means constant ; and sometimes it is found that a single line 
in the spectrum of one element corresponds to a group of tines 
in the spectrum of another, which introduces a certain arbitrary 
factor into the calculations. Evidence in general support of 
the hypothesis is fonnd in the work of Ditte, Trooste and 
Hautefeuille.^ 

In more recent times, attempts have been made to connect 
the osdllation frequencies in the elemental spectra with the 
atomic weights.^ It has been shown that there is an approxi- 
mate relationship between the square of the atomic weight 
of an element and the frequency diSerence between doublet 
or triplet lines in the spectrum. The following table, ^ven 
by Rydberg, shows the general relations between the elements 
in some Qronps ; A represents the atomic weight of the element 
and v the frequency differences between corresponding pairs 
of lines in the elements of the same Group. The value of 
lO'v/A' is printed in heavy type in each case, and it will be 
seen that it is approximately constant for the members of a 
single Group: — 

'Leooq de Boigbaudnn, Comjil. rand., 1876, SI, 1100; Aim. atatn. jihyi., 
I8T7, 10, 100 ; aee &Ik> ths ftrtioie GalliDm In Wiurti' Dietionnatrw d« chimu, 
Supp. II., 669. 

■Ditte, Cimpt. r«n<l,18Tl, 73, 62S, TSS; Ttooate Mid Hauteteuille, tl>ul., 
77,6Ba 

■See Rydbetg, listtmaivmBX BeporU, Paria, 1900, 2, S17; Rnnge and 
Pieaht, ZaiUeh. EUktroehem., 19M, 10, 119 ; Phy4ikal. ZtiUeh., 190S, 1, 286 ; 
Buuftge, Proe. Boy. Soe., 1902, A, TO, 1, 808; Wfttta, Phil. Mag., 1909, 6i 
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Rydberg has also pointed out that a periodic curve is pro- 
duced by plotting the values of 10*i'/A^ against the atomic 
weights. 

It is curious that up to the present, no one seems to have 
compared the atomic numbers with the line differences. When ' 
this is done, tt appears that there is a much closer relationship 
traceable between these two functions than is detectable be- 
tween line differences and atomic weights. If there be any 
relationship between the quantities, it is most easily detected 
in the following way : — 

Assume that the frequency differences D vary (a) with the 
*»* power of the atomic weight A or (6) with tl\e n"* power 
of the atomic number N. We then have the following ex- 
pressions : — 

(•) 

and 

Then throughout the Group, the values of nt or n should 
remain constant ; and whichever is the more nearly constant 
of the two represents the closer reUtionship to the line 
differences. 

The following differences in oscillation frequency between 
oorresponding pairs of lines in the spectra of the various 
elements in two groups may be used in calculation ; and in 
each case the value of m and n are given in the corresponding 
columns : — 
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Examination of the figruree will show that Uie valne of 
log D/log A varies between 1-41 and 1'66 in one seriea and be- 
tween 1'67 &nd 1'79 in the other, or approximately 10 per 
cent ; whereas the value of log D/log N varies by 5 per cent. 
at most In the Magnesiam Group and hy only I per ixsat. in 
the Sodiom Group. 

From this it seems evident that a mach closer relationship 
exists between the atomic nombers and frequency difTerencee 
than between atomic weights and differences. The same point 
is brought out graphically by plotting the logarithms of the 
atomic numbers as abeciasse and the logarithms of the frequency 
differences as ordinates, in which case all the points in one 
Group lie upon straight lines. 
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CHAPTER XVn. 

CHEMICAL AFFINITY. 

1. Introductory. 

Chehicai. affinity may be regarded id either of two ways, as 
a property or as a force. On the first asaumption, it is the 
property posseseed by bodies in virtue of which they are 
capable of entering into chemical reaction with certain other 
bodies when contact is established. On tha second assumption, 
it is the force which draws together two materials capable of 
chemical interaction and produces from them new substances 
having properties different from those of the parent bodies. 
It is evident that these two definitions do not mean exactly the 
same thing : for the first of them implies that chemical affinity 
is something residing in the atom apart altogether from its 
surroundings ; whilst the second definition carries with it the 
implication that at least two bodies are necessary before 
affinity can come into existence. The difference between the 
two can be most easily seen by means of a simple analogy. 
If a helium atom were entirely isolated in space, could we 
reasonably speak of gravitation in connection with it ? It has 
nothing around it which it could attract or which could be 
attracted by it, so that it can display no gravitational pro- 
perties: nevertheless, as soon as a second helium atom is 
brought into the neighbourhood, the two will be drawn to- 
ward each other. Upholders of the first definition would say 
that the helium atom possessed the potentiality of gravitation 
even under the first circumstances ; whilst supporters of the 
second definition would maintain that only the coming of the 
seccmd helium atom produced anything which could be called 
a gravitational effect. In the same way, it may be aaked 
whether an isolated sodium atom possesses anything which 
can be properly termed chemical affinity or whether this 
itSg 19 
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affinity only comes into existence when, say, a chlorine atom 
is brought into the neighbourhood of the sodium one. 

Whichever of the two definitions be chosen, it will be 
found that only the vaguest oonceptitm of chemical a£Snity can 
be derived from it; and it Ib natural to go a step further in 
order to see whether more light can be thrown upon the 
subject. In nature there appear to be two categories under 
which chemical affinity might be placed. Gravitation, as far as 
we know it, is a unitary force; for under normal conditions 
we know nothing which could be ascribed to " negative gravi- 
tation". Electricity, on the other hand, exhibits a dualism, 
since we find positive and negative charges. Are we to rank 
our chemical affinity along with unitary gravitation or place 
it in the same category as electricity ? 

Berthollet ' was the most prominent adherent to the unitary 
hypothesis. On hia view, chemical affinity is a phase of 
gravitational energy; and the complexities of chemical problems 
(as compared with the simplicity of gravitational ones) are to 
be ascribed to the close proximity of the interacting substances. 
Owing to the extremely minute distances separating atoms 
from each other, influences come into play which are n^ligible 
in the case of gross masses : the form of molecules, the dis* 
tances between them, the peculiar conditions under which they 
exist, all these tend to obscure the problem and make it very 
much more difficult to attack mathematically. 

The dualistic hypothesis of chemical affinity was champi- 
oned by Berzelius ' and was developed by him into his electro- 
chemical system. He assumed that each atom possesses two 
poles, one positive, the other negative ; and these two poles 
carry unequal charges. If the positive charge preponderates 
over the negative one, the atom is positive in character ; and 
it has a tendency to combine chemically with negative atoms. 
Thus every compound is built up from simpler groupings 
bearing opposite charges. 

It is unnecessary to describe the historical development of 
oar views on chemical affinity, as they have been fully dealt 

> Berthollet, Eitai de Stati^a* chimigw, 1S03. 

^BeneliuB, Schu)eiggtr'$ Journal, 1812, 6, 119; Ltbrbueh d. Cftmtu, 
Vol. I., p*rt 1, 1837. 
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with in various works ' ; and in the remainder of this chapter 
attention will be confined to acme of the more recent aag< 
gestions which have been pot forward to account for the 
phenomena of chemical reactions. The selection has been 
made with a view to illustrating different standpointB rather 
than with anj idea of weighing one view against another. In 
the main, the reader ia expected to bring his own critical 
faculty to bear upon the probleme suggested by the various 
authors. 

With this aim of illustration in view, it has been thought 
befit to select specimens of the following conceptions : (1) 
" directed affinities " which are supposed to act from the 
surface of the atom in definite directions of from fixed points 
on the atomic superficies ; (2) " undirected affinities " which 
resemble gravitational forces in that they act outward from 
the centre of the atom in all directions ; (3) electrochemical 
ideas ; (4) polar and non-polar conceptions ; and (5) purely elec- 
tronic views of valency. These f ondamental conceptions by no 
means exhaust the possibilities ; but they will suffice to show 
how very difierent are the interpretations of the phenomena 
of atomic attraction.* 

iMejer, HUtory of ChMnutry, 1906; Almitage, HUlory of Chemiitry, 
1906; Hilditoh, Conciu Hiitory of Chtmiitry, 1911 ; PattiBoo Muir, Chemi- 
cal Tbeoriei and Lavii, 1907 ; Fraund, Study of Chemical Cotnpoiition, 19M ; 
Friend, Theory of TaUney, 1909. 

* The following lUb inoludes bbe chief papers on the aubjeot but it ia by uo 
m«am a. oomplete one ; Wondsrlioh, KoafiguTation organitehtT MoleMUe, 
1B86: Adwbis, EiUwieklung d. Sterwoehmnie, 1B90; V. Mejei and Rieoka, 
B»r., 1888, 21. 946 ; WUliceniu, ibid., 1890, 23, 177 ; S&ohae, ibid., IBSS, 21, 
2090 ; Yoiluider and Mumme, ibid., 1903, 3A. 1170 ; Sacbse, Ztitteh. fhyi^tal. 
Chtm., 1898, 11, 186; Pry, ibid., 1911, 78, B8S, 898, 691 ; 1912, 80. M ; 1918, 
82.666; Fftlkand NelBoa, J. Amer. Ch«m. Soc., 1910, 32, 1687; ibid., 1914, 
S6. 209 ; Falk, ibid., 1911, 33, HW ; 1912, Si, 1011 ; Nelson, Beuti and Falk, 
ibid., 1918, 35. ISIO; F17, ibid., 1908, 30, 34; 1913, 34. 661; 1914, 36, 348. 
369; Exieameyer, AnnaUn, 1901, 316. 71; Vorlandec, ibid., 1903, 320, 99; 
EuoiT, ibid., 1894, 279. 302; Enoerenagal, ibid., 1900, 311, 194; YaubeI,Ch«m. 
Zeit., 1897, 21, 96 ; de Heen, BuU. Aead. Bay. Belg., 1904. 386 ; Le Bel, Btia. 
toe. ehtm., 1890, 3, 788; Werner, BeOrOgt 1. TKaoria d.AffiniUU u. Foleni; 
^ant Hofl, Lagtmng d. Atome im Jtawns; ArrangemerU of Atonu in 
Space : Friend, Theory of Vatency ; KauSmaun, VaienMlehre ; Werner, Ntuere 
Atwehaaunnen avf d. Oebiele d. anorgan, Chemie ; B<r.,]907, 40,1S, Annalen, 
1912, 386, 1; Spiegel, Zeitteh. anorgan. Cli«m., 1903, 39, 866; Anbenios, 
Theoriei of Chemistry; Friend, Tran*., 1908, 03. 360, lOOT; 1916,108, 71S; 
Briggs, ibid., 1908, 03, 1664 ; Ramaay, ibid., 774 ; 3. 3. Thomson, Corpueeular 
Theory of MaUer, 1907 ; Fry, Electronic Theory tf Valmee, 19SL 
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2. Hypotheses of Directed Affinity. 

Before the developinent of stereoctiemistry', there was do 
neceseit; to conaider the space relations of valeacy at all ; bnt 
when chemical formoUe emei^ed from two into three dimen- 
sions, it was evident that the action of diemical affinity 
required a tridimensional symbolism if toach were to be 
maintained between theory and practice. The first step in 
this direction was taken by van't Hoff ^ whose conception was 
"a continoation of KekulS's law of the quadrivalence of 
carbon, with the added hypothesis that the four valencies are 
directed towards the corners of a tetrahedron, at the centre of 
which is the carbon atom ". 

As chemical symbolism grew more and more mechanical 
under the impetas of stereochemical research, this conception 
of van't Hoff ceased to be in harmony with current ideas. 
On the assumptions of ordinary dynamics, it is possible to 
conceive forces acting along definite lines (provided that we 
are not concerned with the simultaneous action of two such 
forces) without coming into conflict with the chemical evidence 
in the case. But though the ideas of van't Hoff can be applied 
satisfactorily when only single bonds are concerned, it leads to 
dynamical impossibilities in the cases of the double and triple 
linkgaes of carbon. For example, in the ethylene derivatives 
the valencies would be arranged in the manner shown below : — 



x>< 



wherein forces are depicted as acting &om two points and 
making an angle in space instead of operating along the straight 
line joining the two points.* If, instead of the two separate 
forces acting from each carbon atom, we assume a single re- 
sultant force, then we should have the same kind of system as 
in the single bond; and the occurrence of ethylenic stereo- 
isomers such as maleic and fumaric acid would be impossible 
on the hypothesis, owing to free rotation of the two carbon 
atoms about their common axis. 

It is obvious that the assumption of valencies acting in 

1 van't Hoff, The Arrangemenl of Atoms in Spact, 189B, pp. 2-3. 
* Aaveia, Bnlunektung der SiartoehtmU, 1890, p. 22; LoBseu, B*r., 1687, 
20,8300. 



D,g,l,..cbyGOOglC 



CHEMICAL AFFINITY 293 

definite directionus cannot be smitained, ainoe it involves 
dynamic impossiWlitiea ; and it is necessary to seek eome way 
ont of the diflBculty. The simplest suggestion consists in the 
idea that chemical affinity is situated on certain definite por- 
tions of the atomic surface ; but there are various ways in 
which this requirement can be fulfilled. 

Imagine, for example, that the four concentrations of 
aflSnily in the carbon atom are accumulated at the comers of a 
tetrahedron and that the atom itself is repreaented by a sphere 
circumscribed about the tetrahedron.' When a carbon atom 
is united to a monovalent atom hy a single bond, we may sym- 
bolise the process by Uying two affinity concentrations together, 
as in Fig. 31. Here the fourth affinity-centre of the carbon atom 
is supposed to lie above the plane of the paper. It will be seen 
that in this way the two mutually attracting affinity-centres are 





able to act directly upon one another and the pull of each upon 
the other is at its maximum. Th.v& represents the strong single 
bond, such as is found in ethyl chloride. 

To represent the double bond between two carbon atoms, 
two affinity-centres in each atom have to be brought into 
positions of mutual attraction, aa is shown in Fig. 32. Here, 
although the attracting forces are twice as strong as in the 
last case, the distance separating the attracting centres is much 
greater ; and consequently the total pull between the two atoms 
will be weakOT than before. This represents the comparatively 
feeble double hnkage of ethylene. 

In the case of the triple bond, three of the affinity-centres 
will be attracting each other ; but they will be even further 
separated from each other in space: so that the weakness of 
tlw triple acetylenic bond is thus symbolised. 

' lixjvc And JftootMon, Lehtbuieh d. organ. Ch»mi«, flrat edition, Vol. I. 
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This mechaoical representation of chemical affinity has its 
advantages ; bat it snffers from defects which make it difficult 
of acceptance. F<h- example, there is no reason why, if 
the affinity-centre of one carbon atom attracts the affinity- 
centres of another atom, it should not equally attract its 
fellows on the same atom, so that they would tend to flow 
together over the surface. There seems to be no method of 
rendering their fixity probable upon mechanical aseumptions. 

To avoid this objection, V. Meyer and Riecke ^ devised a 
symbolic representation of affinity which is not without 
interest. They assume that the carbon atom is snrrounded by 
an ethereal envelope of spherical form. The atom itself is 
regarded as the origin of specific affinity but the actual seat of 
its valencies is to be found in the ethereal shell's surface. 
Each valency is produced by the presence of two opposite 
electrical poles lying at the ends of a line which is short in 
comparison with the diameter of the ethereal envelope. The 
mid-points of these " dipoles " are fixed at the surface of the 
ethereal layer ; but each " dipole " can swing freely about this 
fixed point. 

Tins hypothesis accounts for the follovring : First, the 
tetrahedral grouping ' of atoms around a carbon atom is 
explicable since in their normal positions the four dipoles 
would naturally group themselves in the most Erymmetrical 
manner on the surface of the ethereal envelope — i.e., at the 
comers of an inscribed tetrahedron. Second, in the case of 
certain compounds a deviation from this grouping is required 
which can be accounted for by a displacement of the dipoles. 
Third, the fact that there is an attraction between the affinities 
of two different atoms but no attraction between the affinities 
of the same atom is explicable oo this hypothesis owing to the 
arrangement of the dipoles. Figs. 33 and 34 show the two 
possible representations of the single bond between two atoms 
and also the double bond. It will he seen that in the double 
bond, no free rotation of the two atoms about a common axis 
is possible. In the case of the single bond, one arrangement 
permits free rotation whilst another arrangement holds the 
atoms in a fixed position. This latter grouping would suffice 
to aeoonut for the existence of a third form of malic acid which 

1 V. Meyu Kcd Kecke, Ber., 1888, 21, 946, 1620. 
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is not pi'oyided for by cnrrent theories, though it undoubtedly 
eziBts in catnre.' 

On the whole, however, mechonicai oonceptiona of the 
action of chemical affinity such aa these are not sought after at 
the present time. The relative decline in interest in stereo- 
chemical problems, which for some reason or other has taken 
place, has tended to throw into the background of chemical 
thought the concrete representations of valencies wbich were 
sufficiently numerous in the nineties of last century ; and the 
newer trend appears to be in the directicm of more fluid con- 
ceptions of chemical afiBnity. 
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3. Wvm&fd Hypotkesia. 
Le BeP appears to have been one of the first modem 
chemists to regard valency as an " undirected force ". His view 
was essentially dualistic, for he assumed that when atoms ap- 
proached within a certain distance they became subject to a 
force of repulsion which overcame the chemical affinity draw- 
ing them together; so that eventually some of them took up 
positions upon the surface of a sphere surrounding a central 
atom. In this way, Le Bel was able to account for the 
tetrahedral grouping of atoms around a carbon atom which is 
demanded by stereochemical evidence. 

lAbtrsoD, Ferh. K. Akad. Weianich. Amalerdam, 1SS8; Btr., 1898, 31, 
X483; Wftlden, ibid., 2706. 

*Le Bel, BtUl. toe. chim., 1890, 3. 788. 
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A year later, Werner' put forvsrd the genns of an 
hypothesis which he eventually developed into a most com- 
plicated system. Dropping Le Bel'a conception of repulsion, 
Werner adopted the idea of spherical atoms and aaaumed that 
these atoms could actually come into contact at certain points, 
80 that farther approach was then stopped. He seems to have 
borrowed his ideas of valency from Clans* and Loasen,* so 
that in its earlier stages his hypothesis appears to have 
presented nothing particularly new. He assumed with Claus 
that each atom has a general store of valency which can be 
drawn upon £o different extents by different atoms, so that, e.g., 
the four " bonds " in the case of the compound — 

Hv .a 

V ^Br 
would each have a strength different from the other three. He 
further assumed that a carbon atom cannot combine with more 
than four other atoms. When four atoms combine with a 
carbon atom, on his hypothesis, they arrange themselves on 
the surface of the carbon atom in such a way that each of 
them absorbs the mazimam possible quantity of valency with- 
out interference with the other three atoms, the valency-force 
being assumed to act uniformly from the centre of the atom 
in all directions. In the case of methane, this implies that 
the four hydrogen atoms arrange themselves at the comers of 
a regular tetrahedron. Differences in the strengths of chemical 
attraction, Werner depicts as differences in the areas on the 
superfides of the carbon atom which are used by the various 
atoms to which it is attached. 

This hypothesis, if containing nothing particularly new, at 
least served to produce a concrete, mechanical idea of atomic 
union ; and some of the extensions of it to the case of fche 
double bond between carbon atoms had a considerable ingenuity. 
It has certain inherent weaknesses, however, which cannot 
escape examination. If the usual values deduced for atomic 
volumes be correct, then the iodine atom is much larger than 
the fluorine atom. When attached to carbon, therefore, it 

1 Werner, Bwtmqt t. AgmKUiX u. FaJ#n*, 1891. 

■ClMU,Sn-., 1881,14,482. 

• Loueii,^naaJs», 1886, SM. 337 i £«r., 1867, 20, 3806. 
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should exert its influence over a much wider superficies than 
the fioorine atom does ; and therefore methyl iodide should be 
more stable than methyl fluoride, which ia not the case. Again, 
on Werner's assumptions, affinity is a uniformly distributed 
force ; yet in his later papers we find glib references to electrons, 
without any attempt being made to harmonise these two very 
antagonistic ideas in the field of valency. In its simple form, 
Werner's hypothesis never secured a firm footing among 
chemical theories; which makes it all the more extraordinary 
that many chemists accepted almost without examination the 
much more complicated superstructure which he built up on 
the original basis. 

The second stage of Werner's development of valency con- 
ceptions seems to have been entirely his own.* It originated 
in the field of the complex salts and especially in the course 
of investigaticms upon the cobaltammines which have been 
described in an earlier chapter of this book ; but even in this 
region it met with prolonged and w^l-devised resistance from 
Jorgensen who, before Werner began his work, was the greatest 
expert on the subject.* The vicissitudes of Werner's hypothesis 
were so varied that in the end it became difficult to be sure 
which parts of it remained as in the original statement of it 
and which ones had been jettisoned by its author, either openly 
or tacitly, in order to get out of the difficulties in which he 
found himself involved. Under these circumstances it is not 
easy to provide a fair summary of its somewhat elastic 
provisions. 

Werner assumed that there were two types of valency : 
main valencies and auxiliaiy valencies. The exact difierence 
between the two was defined by him in so many diflerent ways 
that it is hard to give a dear idea of it; but for the present 
purpose the following will suffice.* "Main valencies and 

I For ui account of IMa hypotheaia aae Wemei, Btr., 1907, 40, 19, or hi* 
Lthrbueh d. Stareoeliemit, 1901. 

■ Werner, Lthrbueh d. Sltreoehemie, p. 318, 1904. 

* Before Doming to my decimon for or (Lgoiait the Werner hypothesis, the 
raader ihonld oonsalt the papers of JOrgansen {ZtiUch. anorgan. Ch^m., 1B94, 
6. 117 ; 1897, 13. 172 ; U, 401 ; 1899, 10, 109] uid Peterasa (Zeittch. phyiikal. 
CluM., 1903, 39. 949). Whether Werner wm light or nroug in hia ide&s, his 
handling of evideDiie seems to have been marked by a certain lack of scruples 
which ia rare in saientific worlc 
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auxiliary valencies are actions of affinity which apparently 
differ only in order of magnitude, ' like a metre and a part 
thereof. The standards of measurement of them are the 
electrons, in the sense that every action of affinity which is 
capable of receiving the action of electricity or appears to be 
equivalent to one which is thus capable, is called a main 
valency ; whereas those actions of affinity which are neither ao 
gifted nor equivalent with others so gifted, are termed auxiliary 
valencies. A molecular compound is thus to be regarded as a 
compound which has arisen through the simultaneous satura- 
tion of the main and auxiliary valencies of an elementary atom." 

Divested of its cumbrous phraseology, this seems to mean 
that main valencies were those which are expressed by linee 
in ordinary graphic formulse, whilst auxiliary valencies 
represented remainders of affinity which atoms possess after 
all tiieir main valencies have been utilised. Compounds formed 
by the action of main valencies were termed by Werner 
" compounds of the first order " ; whilst when two or more 
" first order compounds " became united by auxiliary valencies 
a "second order compound " was produced. 

In Werner's view, atoms had no constant valency. The 
number of atoms which united with a given atom depended 
upon the nature of the various atoms. There was supposed to 
be a maximum number of groups which could be retained by 
auxiliary valencies. 

Werner's next assumption was that when a certain number 
of atoms or groups are attached to a centoil atom, they filled 
up the space in the neighbourhood of the central atom ; and 
that therefore there was a maximum possible number of these 
attached atoms or groups. The space occupied by tiieae groups 
directly attached to the ceotral atom be called the "first 
sphere " of the compound. Outside this sphere there might be 
other atoms, but these were not directly attached to the central 
atom : Werner imagined them aa being attracted to the com- 
plex of the " first sphere " as a whole and not as retained by 
any particular part of it. 

The first application of this somewhat complicated hy- 
pothesis was made in the field of the cobaltammines. Accord- 
ing to Werner, the following model would serve to represent 
a compound of the type : — 
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NH, \C3o^Cl 

[nh,, " \ci J 

The cobalt atom lies at the centre of the molecule. Around it, 
witiiin the "first sphere " lie the four ammonia molecules and 
the two cblorine atoms. These six items are "co-ordinated 
with " the cobalt atom and are so firmly attached that they do 
not exhibit their nsoal reactions. Outside the " first sphere " 
lies the single chlorine atom, which is capable of ionisation ; 
and this atom is not directly connected with any specific atom 
bat is held in position by the attraction of the central nndeos 
aa a whole. 

Very tittle consideration will show that this hypothesis 
immediately Isnda us in difficulties when we try to analyse it 
In the first place, the compound CoCl, exists, in which cobalt 
is divalent ; but trivalent cobalt yields no chloride. Assuming 
oobaltous chloride as a starting-point, it is difficult to see how 
a fraction of affinity insufficient to retain an extra cobalt atom 
can yet suffice to hold in combination four whole ammonia 
molecules as Werner supposed it to do. If his basic hypothesis 
of the natnre of valency be applied here, the two chlorine 
atoms will rest upon the surface of the cobalt atom and draw 
upon its store of affinity in proportion to the surface which 
they overshadow. The entrance of the four ammonia groups, 
being a subsequent process, cannot displace the cobalt atoms 
from their rights on the cobalt affinity. Nevertheless, ac- 
cording to the co-ordination hypothesis, Uie union between the 
cobalt atom and the two chlorine atons becomes altered and 
the chlorine atoms cease to be capable of ionisatJon. It is 
quite evident that one or other of Werner's assumptions must 
be wrong. 

Again, as shown in the formula, Werner distinguished, even 
within the bracket, between the valencies attaching the chlorine 
atoms and the ammonia molecules; for he represented one 
set by means of full lines and the other by dotted lines. 
Apparently he implied that the cobalt was united with the 
chlorine by a main valency whilst the ammcmia molecule was 
held by an auxiliary one. But if this be so, why should the 
chlorine atoms not be ionisable, since they seem to be retained 
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by exactly the same kind of affinity as they were originally 
in cobalt chloride when they had the power of tonisation. 

Again, in order to force certain compounds within the 
bounds of his hypothesis, Werner ' was driven to resort to 
formulte of the following type : — 
|-NH,., 0-CO 

NH,-Xco— a-€o 
■NH,' ^O— CO — I— OOOB 

Here it will be noticed tiiat although both the ends of the 
oxalic acid.chain — O — CO — CO — O — are attached to metallic 
atoms, cobalt and the metal B, the one end of the chain is " co- 
ordinated " whilst the other is free to ionise. Whether or not 
this seems dynamically or chemically possible may be left to 
the judgment of the reader. 

Since the ferrocyanides are among Uie commonest of com- 
plex salts, it is remarkable that Werner's hypothesis ctunpletely 
fails to account for the isomerism in this aeries. Tetramethyl 
ferrocyanide, (CHj)^Fe(CN)„ is found to exist in two isomeric 
varieties which are known as the a- and yS-fbrms.^ The two 
compounds differ from each other in their solubilities in water 
and organic solvents; and they behave quite differently in 
their action with methyl iodide, since the a-form produces a 
substance, (CH,),Fe(CN),I,, which is not obtained from the 
/3-tora» under identical experimental conditions. Now, in this 
case, the six cyanogen groups within the bracket are all 
identical ; and there can thus be no isomerism due to them ac- 
cording to the Werner hypothesis since the octahedral grouping 
must be symmetrical in every respect. None the less, the 
isomerism appears to be beyond doubt in practice. 

Werner's hypothesis was avowedly an attack upon the 
apfdication of structural formuhe to inoi^anic compounds in the 
cobaltammine series ; and it is therefore interesting to note 
that he himself had to take refuge in structural ideas in order 
to help his hypothesis over a stile. In the case of the com- 
pound Co(NH,)gNOj, Werner's ideas provided for only one 
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isomer, whereas two isomeric forms are actually known. He 
evaded this by aesDming that the nitrite group could exist in 
two structural varieties : — O — N : O and — NOj. Thus he 
seemed ready to discard structural ideas at one stage and then 
readopt them later on when driven into a comer. 

The complete collapse of Werner's ideas was apparent 
when he attempted to apply them to simple cases. Misled by 
some incorrect experimental work of Wedekind,* he utilised 
his " co-ordination " hypothesis to " explain " the existence in 
two isomeric forms of compounds of the type N . a^^ci. He 
showed that his hypothesis demanded that the union of hydro- 
chloric add with an amine should be represented thus : — 

NH, + HCl - NH, . . . H— CI 
the junction between the two molecules being formed by an 
auxiliary valency. Taking the ease of a substituted amine and 
an alkyl halide, he then declared that different isomers would 
be formed when (a) the amine a&cN reacted with the halide 
aX ; and (b) the amine a.a.h'^ reacted with cX. In case (a) 
Werner stated that the ccanpoand (I.) would be formed ; whilst 
in the case (6) the compound (II.) would be produced : and 
that these would be isomeric according to his hj^thesis. 

(i&cN . . . aX aa&N . . . oX 

(I.) (11-) 

In actual practice, both reactions lead to the same compound ; 
so that evidentiy Werner's ideas " explain " too much.* At a 
later date he was apparently able to convince himself that the 
correct result was equally in accordance with his co-ordinatitm 
ideas,* which shows the accommodating manner in which this 
hypothesis can adapt itself equally well to correct or to 
erroneous data. Another mare's nest is to be found in the case 
of the cobalt roeeo-salts.* 

The application of the Werner hypotheeia to a familiar 
cnnpound will suffice to show its weakness. In the case of 
sulphuric acid, the four oxygen atoms would reside in the 
" first sphere " of the substance, around the sulphur atom, 

> See Jones, Tram., 1905, 87, 17S1. 
•Warner, Annalen, 1902, 322. XI. 

* Wemar, N*u»r» Amehauungtn (1909 aditioo), p. 311. 

• Wsmar, Ztitieh. (morgan. Chtm., 1697, 15, IM. 
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whilst the two hydrogen atoms, being ionieable, would be 
placed outside the sphere : — 



ro o"|H 



But such a formula as this can be sustained only by ignoring 
the lact that each hydrogen atom is closely associated with an 
o^gen atom, since the action of phosphorus pentachloride 
upon sulphuric acid consists in the removal of an oxygen and 
a hydrogen atom and the replacement of them both by a 
chlorine atom. 

Thus Werner's ideas, though they provide a useful memory- 
help in the field of the metalammines, do not appear to rest 
upon very firm foundations ; and it seems |H«babIe that their 
main use in chemistry will eventually turn upon the fact that 
the true theoiy of the complex salts — whatever it may be — 
will arise through some fresh mind destroying Werner's ideas 
and building something new upon their remains. 

4. FriencCt Views. 

In Friend's view^ there are three different varieties of 
valency : (1) free positive valency ; (2) free negative valency ; 
and (3) residual valency. The first of these is due to an atom's 
capacity for parting with an electron ; the second is possessed 
by atoms which can combine with one or more electrons ; so 
that an element may have both poative and negative valency 
if it is capable to taking up an electron from one element and 
parting with it to another. Residual valency (or latent valency) 
differs from the others in that residual valencies can only he 
called into action in pairs of equal and opposite siga 

In order to distinguish between free and latent valencies. 
Friend represents tJie free type by means of thick lines. For 
example, in ammonia the three free n^ative valencies of the 
nitrogen are saturated. A new negative valency can only be 
called into play in conjunction with a positive one ; so that 
ammonium chloride would be represented as shown below : — 

1 Friend, ZVoni., 1906, tSi ^SO, 1007 ; Th« Thtor^ of YtOency, 1906, p. fiO. 
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Applying this view to the ease of complex salts like the cobalt- 
ammiaes such as (I.) and (II.), Friend allocates to these the 
corresponding formolse shown : — 

ran. a . „. 

NH, Co NH, NH, Co ( 

[NH, NH.J [NH, 




Co— I 
NH, ^Cl NH, "*C1 

Here the chlorine atoms and ammonia molecules form a " shell " 
around the cobalt atom and are joined together by latent val- 
endee ; the ionisable chlorine in (II.) and the two ionisable 
chlorine atoms in (I.) are joined to the cobalt by free valencies. 

The great advantage which this view has over Werner's ia 
that there is no need to assume that a chlorine atom directly 
attached only to a metallic atom will not ionise in solution. 

Suggestions somewhat akin to those of Friend have been 
put forward by Spiegel,^ Biiggs,* and Arrhenius.' 

5. The Abegg-Bodldnder Hypothesis. 

Abegg and Bodlander* advanced a conception of chemical 
affinity which was further developed by Abegg ^ at a later date. 
In it, as ia Werner's hypothesis, constant valency ia not 

' Spiegel, Zeitich. anorgan. Ctimt., 1903, 29. 360. 

' Briggg, Traru., 1908, 08. 1S64. 

' ArrhemuB, Thtorim d. Chemie, 1906, p. 73. 

■Abegg ftud Bodlandor, ZeiUcK anorgan. Chrni., 1B99, 20. 1S8. 

"Abegg, ibid., 1901, 38, 330. 
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supposed to exiat, bnt the valency exhibited by any atom is 
assumed to depend upon the nature of the atom or atoms with 
which it imitos.* 

WitJi r^ard to the nature of valency itself, J^Ategg regards 
all valency as polar in character, even in the case of organic 
componnds which show no capacity for ionic dissociation. Id 
this direction, hia hypothesis is a revival of Berzelius' electro- 
chemical system ; and, again following Berzelius, he ascribee a 
dual electrical character to every atom, so that on this view all 
the elements are amphoteric in uatare. 

Novelty enters into tiie problem at this point, for according 
to Abegg every element possesses a possible maximum limit to 
its positive or its negative valency ; and the snm of the posi- 
tive and negative valencies is eigh^ whilst the total of the posi- 
tjve valencies corresponds to the nomber of the Group of the 
Periodic System in which the element is to be found. The 
adion of an element's affinity — whether positive or negative — 
depends upon the atoms with which it reacts: for example, 
in its union with hydrogen, iodine utilises its negative valency ; 
whereas when joined to chlorine it exercises its positive valency. 
When the number of the valency is less than four, Abegg tenna 
the valencies " normal valencies"; whereas when the number 
exceeds four, he calls them " contra-valencies ". The following 
table gives the relations throughout a short series in the 
Periodic System : — 





V 


Group 

I.. 


Group 


Group 
IV. 


V 


V 


•^ 


BUmeBt . . . 

Nonnal valsDoiea 
GoDtra-nUencies . 


+ 1 

-7 


-6 


Al 

8 

-6 


Si 
+ 4 

- 1 


P 
+ 6 


S 

~2 
+ 6 


ca 
-1 

+ 7 



Thus chlorine possesses one negative normal valency and seven 
positive contra-valencies; whilst sodium has one positive 
normal valency and seven negative contra-valenciee. The 
coming into operation of a normal valency is assumed to ex- 
tinguish the action of a corresponding contra-valency. On 

* The eiJBleiice of differeot gradee ol valency is diffioult to aoocnint for on 
this hTpotbesia. For instauoe, wh; staouM phosphorus yield the two chloriua 
oompoundi PCIj and POl, and yat not giva FCI^? 
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Abegg'a hypothesis, an atom does not necesaarily exercise ita 
full valency ; and the higher the atomic weight is, the more do 
the normal valencieB diminish in activity and ooncorrently the 
cwntra-valencies become active. Thus in the case of fluorine 
and iodine, the negative normal valency is atrongly active in 
fluorine but much leas so in iodine ; whereas the contra-valencies 
of fluorine show no activity whatever (fluorine forms no oxygen 
compounds) whilst the whole seven contra-valencies of iodine 
are active in the case of HIO^. The influence of the contra- 
valencies and the diflerence between the positive and negative 
types is traced by Abegg in the formation of complex ions, 
which he supposes to be formed by the addition of a neutral 
molecule to an ordinary ion by the agency of contra-valencies. 

Turning to the question of the union of two or more mole- 
cules, Abegg distinguishes between various classee of reaction. 
According to his views, when the two uniting molecules are 
identical (association) it is necessary to assume that in the 
original molecules at least one of the component atoms has not 
reached its maximal valency ; which su^eets that one of the 
elements in the molecule belongs to the higher groups of the 
Periodic Table, This holds good in the case of molecules like 
H,0, NOa, AsaOj, SO,, HF, AIQ, and FeCl,. Elements of the 
same type might be expected to be present in compounds which 
dissociate into two or more molecules in the gaseous condition ; 
and this is supported by the existence of PClj, IGl, and NH^Cl. 
Elements belonging to the higher groups should also be ex- 
pected to give rise to sohd molecular compounds ; and this is 
found to be supported by the occurrence of hydrates, ammoni- 
atee, alcoholates and double chlorides such as FbCl^,2NHjCl 
and SnCt„2SCl.. 

Abegg has even applied his views to the case of solutions ; 
and he assumed that when the process of solution is accompanied 
by tiiermal change or alteration in volume, a molecular com- 
pound is being formed. If both solvent and solute have latent 
valendes, the solvent works against the formation of complexes 
among the solute molecules which might be produced were the 
solvent a saturated hydrocarbon like pentane, which he as- 
sumed to have no latent valency. In the case of electrolytic 
dissociation, Abegg postulated the occurrence of three equi- 
libria: — 
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(1) loD -f ion ^ undissociated molecoles. 

(2) lou + solvent ^ compound of ion with solvent. 

(3) Undisaociated moleculee + solvent ^ compoand of un- 

dissociated molecule with solvent. 
Feebly dissociating solvents he believed to have no tendency 
to combine with ions (2). If the tendency to ionisation in (1) 
ia jpvat, the affinity of the andissociated molecules for the 
solvent in (8) is unimportant, since the non-ionised substance 
will not reach a concentration comparable with that of the iona. 
It must be confessed that Abegg's hypothesis, though inter* 
esting, does not assist as much in dealing with definite chemical 
problems. In the case of complex salts, it is incapable of 
su^estiDg to oe the probable constitution of the complex ions 
which might be produced nor does it even throw light upon 
the number of possible complexes which may be formed. In 
fact it appears on the whole to be in the nature of aa intel- 
lectual exercise rather than a helpful instrument 

6. Th« Electronic Hypothesis. 

The electronic hypothesis of chemical valency was originated 
by J., J, Thomson ' on assumptions which can best be given in 
his own words. " For each valency bond established between 
two atoms the transference of one (negatively charged) corpuscle 
from one atom to another has taken place, the atom receiving 
the corpuscle acquiring a unit charge of negative electridty, 
the other, by ihe loss of a corpuscle acquiring a unit charge of 
positive. This electrical process may be represented by the 
producing of a unit tube of electric force between the two 
atoms, the tube starting from the positive and ending on the 
negative atom. . . . There is, however, one important difier- 
ence between the lines representing the bonds and the tubes of 
electrical force. The Unes used by the chemist are not supposed 
to have direction. ... On the electrical theory, however, the 
tubes of -force are r^arded as having direction starting from 
the positive and ending on the n^ative atom." 

This conception of valency has been applied to a wide field 
of chemical problems by Falk and Nelson ' and at a later date 
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by Fry.^ Only a short summary of the results can be given 
bere, which will, however, be sufficient to show the lines upon 
which the matter has been attacked. 

It is at OQce evident that alt the ordinary valen<^ concep- 
tions which are used in structural formnlte can be directly 
translated into Glectoinic symbols ; so that this section of the 
subject need not be treated at any length. Where the electronic 
hypotheaiB promises moat is in those cases wherein the ordinary 
valency ideas have failed to give expression to evidence derived 
from experiment. 

The " direction " factor mentioned by Thomson can be ex- 
{»:eesed very simply by the use of an arrow instead of the 
normal line in structural formula, the direction of the arrow- 
bead being that in which the electron travels from one atom 
to the other. Thus methane and carbon tetrachloride are 
represented in tiie following manner : — 

H CI 



.^.H - '- 



H-.C-^H Cl..-C-*01 

t 
H 



^ k 



These formulte indicate that in methane the carbon atom has 
gained four electrons which have been transferred from the 
four hydrogen atoms; whilst in carbon tetrachloride each 
chlorine atom has acquired an electron from the atom of 
carbon. 

It is reasonable to inquire at this point whether there is^ny 
experimental evidence to show that such a transfer of electrons 
is probable in the hydrocarbons. The only definite proof which 
could be adduced would be a dissociation of the hydrocarbon 
molecule into positive and negative ions. This has not been 
observed in the case of simple hydrocarbons ; bat the substance 
C^H^ is known to break up in solution into two ioos,^ one of 
which is supposed to be triphenyimethyl, CCjH,)gC. 

In tiie case of hydrazine, fJie electronic conception offers 
a satisfactory explanation of a peculiar anomaly. On the 

' F17, TIm JSiadrimie CiMMMiiMon 0/ Yalanet, 1931. 

)Qombei^ and Gone, Btr., 19M, 37. SWS; Walden, ZaiUcK phytihal. 
CltM^ 1903, a, US; a. fall kooount of the tripfaenylmathyl problem is to be 
fonnd in Stevut't Btotnt Adwmoti in Organie Cli»mutry, 1930. 



yGoo^^lc 



3o8 SOME PHYSICOXHEMICAL THEMES 

ordinary atructoral view, hydrazine is & Bymmetrical subatance, 
KH, — NHj, and since both the amino-groupB are alike, it 
might be supposed that hydrazine would act as a dibasic com- 
pound in its union with acids. Actually, however, it is much 
more akin to a monobasic derivative. On the electronic basis 
its formula woold be written- thus — 

which is obviously unsymmetrical ; so that this formula brings 
out the difference in reactions exhibited by the two amino- 
groups. The difference between the dissociation constants of 
the two carbozyl radicles in a dibasic organic acid might also 
be accounted for by the dissymmetry of the structure on elec- 
tronic principles. This disfymmetry can be seen in the case 
of oxalic acid : — 

OtC-CztO 

t ; ' 

OH OH 

Another common example will serve to illustrate a different 
case. Benzophenone exists in two modifications, one of which 
melts at 26° whilst the other has a melting-point of 4i8'5°, 
Our usual structural formulee throw no light upon this; but 
when the electronic formulee are used, it is found that the two 
benzophenones can be expressed thus — 

(C,Hs),Ci:o (C,HAC:5;0 

These instances are sufficient to show that the electronic 
hypothesis can account for phenomena which are not repreeent- 
able in our usual structural formulee ; and this certainly marks 
an advance. At the same time, it must be remembered that if 
the electronic symbols are pushed to their logical conclusion, 
they provide for the existence of a large number of compounds 
of which no trace has been found in practice. For example, a 
Bymmetrical tetra-substituted ethylene derivative might be 
assumed to exist in either of the two forms — 
E,C 5 OR, KsC -X CRj 

but no more (ban one variety has been isolated. 

Some interesting speculations upon the electronic constitu- 
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tion of complex salts have been pat forward by Ramsay,^ 
Brig^ * and De,^ the latter authors taking the matter up in 
connection with the atomic volumes of the elements. For 
farther information, however, the reader most consult the 
original papers, ae they can hardly be treated satisfactorily in 
a brief summary. 

The application of electronic ideas of valency to absorption 
spectra is discussed by McClelland,* but here also the original 
pubhcations most be read. 

7, ConcluaioTi, 

In the foregoing brief survey an attempt has been made to 
indicate the lines upon which some speculators have worked 
in the endeavour to solve the problem of chemical affinity ; and 
it must be admitted that no hypothesis baa yet been suggested 
which can be regarded as satisfactory. Either " too much " or 
" too little " seems to be the main drawback of these modern 
views; for they appear either to predict casee of isomerism 
which no research has succeeded in detecting or to leave un- 
touched much that is common ground is chemistry. 

The real stumbling-block is, of course, the diGTeretice in be- 
haviour shown by organic and inorganic compounds. The de- 
velopment of structural chemistry in the organic field has been 
80 successful, tested as it has been over a range of a hundred 
thousand compounds and more, that it seems amazing to find 
the inoi^anic compounds so refractory when we attempt to bring 
them within the bounds of the same system. And yet there 
are great similarities to be detected between, for example, the 
substitution reactions of benzene and the replacement of one 
group by another in the complex ions of the cobaltammines. 

Inorganic chemistry appears to have attained to a certain 
stage in the discovery of the Periodic System, but thereafter 
it made but little progress on the theoretical side. Organic 
chemistry, on the other hand, has been too much occupied with 
structural questions, to the exclusion of tiie problems of re- 
activity ; so that even at the present day we are without 

1 Bamuy, PnddetKUl Addnst, Tram., 1908, 93i ^1- 

■ Bt^tgi, iMd., 1919, 116. 378. > D«, ibid., 1919, 116, 137. 

* HoCleUuid, em. Mag.. 1910, 29. 193 i SO, 66S. 
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symbola which will express the difference in lability between 
the bromine atom of bromobenzene and that of dinitro-bromo- 
benzene. Whatever view of chemical affinity finally emergeB, 
it is safe to say that it will have to account for both organic 
and inorganic compoonds if it ia to be a satisfactory solution 
of the problem. It is useless to place the two sidee of the sub- 
ject in water-tight compartments, since many of the elements 
form parts of both organic and inorganic compounds, 
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CHAPTER XVin. 

THE DEVELOPMENT OP THE PEBIODIO LAW. 
1. Ea/rly Attempts to Classify the Elements. 

When the etudeDt is Srst confronted with the Periodic Table 
in the pages of boiuq elementary text-book, his not nnnstnral 
feeling is one of astonishment that so simple an arrangement 
was not immediately obvious to chemists at a very early date. 
Nor is his surprise wholly unjustifinble ; tor, taking ow present 
knowledge of the elements for granted, the discovery of tiie 
Periodic Law would not be beyond the power of a clever 
undergraduate. It is only by examining the histoiy of the 
subject and noting the difficulties with which the early inves- 
tigators had to contend that we are able to appreciate their 
work at its true value and to understand how it was that the 
Periodic Classification did not come into being at a single stroke 
but was built up gradually by the labours of different men. 
In the present chapter a brief sketch of this development wUl. 
be given, which will be sufficient to show the general trend of 
these gropings from which the Periodic Law eventually 
emei^ed. 

It is not necessary to go very far back iu the history of 
chemistry in order to arrive at a date before which the discoveiy 
of the Periodic System was practically impossible. Until the 
atomic theory of Dalton ' had been accepted, there could be no 
sound basis upon which to raise a system of the elements. A 
classification in accordance with chemical properties might 
have been attempted ; but it would have lacked cohesion owing 
to the difficulty which is experienced in deciding the true 
chemical nature of an element from a survey of the properties 
of its compounds. For example, the resemblances between 
silver and thallium might eaaUy lead to these two elements 
■ Dftlton, A Ntw SysUm of Chemical P\ilt»aphy, 1807-10. 
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being placed in the same claas ; and the slight solubility of lead 
sulphate might be ar^ed in favour of an attempt to classify 
together lead and barium. 

Even the coming of the Daltooian theory was not sufficient 
in itself to make possible the recognition of a periodicity in 
elemental properties ; for periodicity implies a previous ar- 
rangement and this arrangement conld only come into existence 
after the determination of atomic weights had been carried out 

Corioosly enough, the first attempt to regard the elements 
as related forms of matter received its incentive not from 
atomic weight measurements but from Gay-Lusaac's law of 
combining volumes. In 1815, Prout published anonymously,' 
the suggestion that the weights of the atoms of the elements 
were simple mnltiples of the weight of a hydrogen atom ; and 
be went the length of conjecturing that hydrogen was the 
primitive material from which all others were built up. 
Front's hypothesis had a considerable influence upon the out- 
look of certain chemists of whom Marignac was the most im- 
portant.* 

It was not until Doebereiner took up the subject, however, 
that any proper attempt was made to classify elements into 
groups and to bring out the relations between their atomic 
weights. He' drew attention to the fact that some of the 
elements could be arranged in groups of three — triads — and 
that when placed in order of ascending atomic weight the 
middle element bad an atomic weight which was the mean of 
the two extremes. He also called attention to cases in which 
the atomic weights of several elements differed but slightly 
from each other. Among the first type of triads be placed 
chlorine, bromine and iodine ; calcium, strontium and barium ; 
lithium, sodium and potassium : whilst in the second triad 
group he mentioned platinum, iridium and osmium Some of 
his triads, such as lead, silver and mercury, were obviously 
mistakes due to the difficulty in deciding which atomic weights 
were correct and which chemical properties were sufficient to 
qualify elements for inclusion in the same group. 

It must be confessed that, although Doebereiner's work 

MnnaJ«o/PhUoMip% 1815,6,331; le 16, 7, 113. 

■ Marignac, BibXvAhiqiu univtrielle (OoiieTa), 1660, 9, 106. 

* Doebendoer, Aim. d. Phyiik., 1629, 16, 301. 
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marked the first stage in the classification of the elementa, ita 
inflaence was not altogether beneficiaL Th« conception of 
" triads " appears to have taken strong root in the minds of 
chemists at Uiis period and later ; with the result that in some 
cases a wider extension of classification was hampered by the 
determination to seek for " triads " to the exclusion of the more 
natural grouping of the elementa Pettenkofer,^ Gladstone ■ 
and Gmelin ' appear to have gone outside the triad grouping ; 
bat the results obtained by them were very incomplete. 

Cooke/ in 1854, seems to have departed definitely from 
the triad idea ; and he and Dumas appear to have been the 
first to suggest a paralleliam between the elemental groups 
and the homologous series of organic chemistry. For example, 
as the molecular weight increases in the group of the mono- 
basic fatty acids the compounds become less volatile and less 
reactive, so in the halogens an increase in atomic weight goes 
hand in hand with diminished volatility and a lessening in 
cbemical activity. Cooke's actual arrangement of the elements 
in six groups differs considerably from the modern form of the 
Periodic Table ; but, nevertheless, bis ideas marked a consider- 
able advance. 

Cootemporaneoasly with Cooke, or perhaps rather earlier,** 
Dumas * had also drawn a parallel between the homologues of 
o^^ic chemistry and the grouping of the elements ; but his 
outlook difiered in some respects from that of the American 
chemist, inasmuch as he attempted to bring out certain 
quantitative relations which he beheved to exist among the 
atomic weights, apart from the mere triad arrangement. 
Taking the m(decular weights of the hydrocarbons, be pointed 
out that the constant difference of CH, between the members 
of the series gave rise to a system of this type :— 

Hydrooarbon. Hohnolar Wilght. GcDcnl Exj^taaon. 



C^ 


30-16+14 


0.H, 


M - 16 + 14 X a 


0,H,. 


fiS - 16 + 11 X 3 



'Pettonkofer, Awwltn, 1S60, 105. 1ST. 
■ Gladrtone, Thil. Mag., 1868, 6, 313. 
■Onidln, Eawtbvch d. Chemia, Vol. II. 
•Cooks, Aner. Joar. Sci., IBM, 17, 387. 

* See BriL Auoe. Btport, ISCl. 

* Dumu, Compt. rmi., 1667, 16, T09 ; lefiS, 46. 951 ; 47, 1036. 
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Now in an analc^UB manner it is poaaible to represent the 
inter-relations of the atomic wei^ts of certain chemically 
similar elements, as can be seen from the follswiiig figures : — 
ESemaot. Atomio Weight* Qanent BipreadoD. 

NitTDgBQ 

Fhoiphomi . 



Antimonj 
BiBinath 



= 14 + 17 + 176 a + 6 + 4e 



* Us ktomlc wugbti at on the hydrogan rtaniiird. 
From a comparison of the two tables, certain ideas arise. 
Id the first place, both groups of figures show a means of 
building up the higher weights from the lower by a series of 
regular increments ; though the process is more complex in 
the atomic than in the molecular table. Seooodly, in each 
case, the lowest homologue displays all the general properties 
of the series and may be regarded as a "characteristic" or 
" typical " member, whilst the rest of the group diverge more 
and more from this type owing to the possession of &esh 
properties due to the increments. For this reason, in the 
organic compounds the lowest member of the series stands 
somewhat apart from the rest ; and an analogous gap is trace- 
able between nitrogen and the remainder of the group shown 
above. If Dumas' ideas were carried to the full, we should be 
inclined to think that in the elements of Group V. there are 
three factcng present. The first of these, represented by the 
basic 11, contains all the material which gives rise to the pro- 
perties of nitrogen. In passing to phosphorus a second factor, 
represented by the 17, comes into the atomic structure and 
brings with it the alteration in physical and chemical properties 
which mark ofT phosphorus from nitrogen ; while at the same 
time the main properties of nitrogen — tri- and quinque-valency, 
onium salt formation, etc. — still persist. With the introduction 
of the third term 44, metallic properties begin to make their 
appearance in the element, though they are not yet pre- 
ponderant. But with the increase in the third term to 88 and 
176 (thus outweighing entirely the infiueace of the groups 14 
and 17) we arrive at the metallic types of antimony and bis- 
muth. Thus there is much that is sugg^tive in the ideas of 
Dumas, though it is not desirable to be carried away by them 
further than common sense permits. 
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Snmmarising the foregoing section, it may be said that np 
to the year 1860 the attempts to classify the elements had not 
been marked by any great snocesa Certainly no general scheme 
had been evolved which satisfied the minds of chemists at the 
time; and nothing sufficiently logical to impreaa itself upon 
the imagination had been produced. Any efforts which had 
been made were of too patch-work a character to cany 
conviction. 

2. Be Chancourtois aiui Newlanda. 

The task of influencing scientific thought is twofold. In 
the first place, it is eesential to conceive the idea which leads 
to the opening up of a new field ; and secondly, it is necessary 
to impress that idea apon a world which is often extremely 
unreceptive of novelties. Thus in estimating the achieve- 
ments of an investigator, it is desirable to keep these two 
qualifications in mind and to distinguish clearly between them. 
If & man discovers a principle, it proves his mental capacity 
beyond doubt ; but if he fails to publish his discovery or if, 
when published, his work attracts no notice, then his influence 
upon the development of science may be negligible. 

The work which will be described in this section falls 
within the second class. Both de Chancourtois and Newlaads 
independently discovered the peiiodidty of properties of the 
elements when arranged in ascending order of atomic weights ; 
but nnfortunately their work failed to catch the attention of 
chemists and thus its influence upon the progress of chemistry 
appears to have been nil. None the less it is of historical 
interest, as proving that the riddle was actually capable of 
solution at that particular date. 

In 1862 and 1663, de Chancourtois > handed to the French 
Academy three papers in which he put forward the thesis that 
" the properties of the elements are the properties of numbers ". 
His classification took the form of what is known as the 
Telluric Helix, which he obtained in the following way : The 
circular base of an upright cylinder is divided into sixteen parts ; 
and a spiral, inclined at 45° to the horizontal, is traced around 

■A tnnslfttion ot <U Chauoourtoia' fint p^pei U to b« found In Nalttr*, 
I68», 41, les: Me Blw Compt. r«nd., 1391, 112, 71. 



D,g,l,..cbyGOOglC 



3i6 SOME PHYSICO-CHEMICAL THEMES 

the cylinder. Lengtha proportional to the atomic weights of the 
elements are then meaaured along the spiral ; and in thia way 
a series of points is obtained each of which is the " character- 
istic point " for the corresponding element. When this is d<me, 
it is found that elements showing chemical similarities with 
each other lie in the same vertical line ; and when other helices 
are drawn through two given characteristjc points and passing 
through or near other characteristic points on the surface 
of the cylinder, it indicates other resemblances between the 
elements on this " secondary helix ". In some cases de Chan- 
courtois' scheme broke down ; for example, he grouped 
magnesium, caldum and strontium together correctly, but 
iron and oranium also fall on the same vertical line as the 
other three.' 

A musical analogy evidently occurred to de Ghanconrtois, 
as it was to strike Newlands also, for the French chemist 
compared hia system to that of " a series of musical sounds " 
and also to " the bands and lines in the spectrum ". 

Almost simultaneously with de Chancourtois, Newlands* 
approached the same field, though from a different direction. 
In his first paper, he put forward a classification of elements 
into eleven groups ; and he called attention to the fact that 
the atomic weights of similar elements often difiered from each 
other by eight or multiples of eight units: but it was not 
until 1864 that he published an almost complete tabulj^ 
arrangement. In order to bring this into the shape familiar 
at the present day it may be printed as below, for in the 
original the sequence of the elements in order of atomic weight 
ia placed vertically instead of horizontally. 

■ other BpinU ftrrangementa have been desoribed tniin timato time, bat 
nona of them throir wj fresh Ught upoD the Peiiodic L&ir. See MendelM, 
J. Run. Fhyi. Chem. Soc., 1869, 1, 60-, Crookss, Chem. N»ki, 1886, 64, 
116 ; Traiu., 1888, 63, iS7 ; Hukitui and BoU, J. Amtr. Ch»m. 8oc., 1916, 
38. 169; Soddy, Chemiiiry of the Badio-elemenU, 191«, n., 9; Stone;, PhU. 
Mag., 190a, 4, iU.SOi; tea alto Rayleigh, Proo. Boy. Soe., 1911, A, 86, 171 ; 
Camelley, Cft«t». Niwt, 1886, 63. 188 ; Stewut, Btcent Aduancea in Phj/tieal 
and Int^ganie Chtmutry, Srd adilioD, 1919, p. 271. 

■ Newlandi, Chtm. lTtV!t, 1863, 7, TO 1 1864, 10, 59, M, 95, 340 -, 1866, 12, 
68,94; 1366,13,118,180; 1679,25,263; 1876,27,818; 1876,32.21; 1^6,37, 
266 ; aee alio NeirluidB, The Diteavery of the Periodie Law, 1884, wbiob con- 
tainB mil his publicfttions oa the ribject. 
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NIWUHD9' Table of the ELBiiatim, IBM (IfntorntMd). 
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Pb 
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It should be aoticed that this table was tntentioDally ittcomplete, 
for Newlands specially added a oote to it. " This table is by 
DO meaaa so perfect as it might be ; in fact I have some by 
me of a more complete diaracter, but as the position to be 
occupied by the various elements is open to considerable con- 
troversy, Uie above only is given as containing little more 
than those elementary groups the existence of which is almost 
universally acknowledged." 

In his second paper, Newlands advanced his theories a 
stage further and pointed out that " when the elements are 
arranged in the order of their equivalents (atomic weights) 
. . . the eighth element starting from a given one is a kind of 
repetition of the first, like the eighth note of a octave in music ". 
He also suggested that from his scheme it was possible to pre- 
dict the existence of elements as yet unkuowiL 

In order to make clear the position of Newlands' work 
1]^ore later investigators entered the field, it may be well to 
give a modernised arrangement of the grouping of the elements 
according to the "I«w of Octaves" which be published in 
March, 1866.' 



NEWi.uiiifl' Table of 


THB EiaMBsm. 1866 (JfotfemtMd}- 
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In the above table, the asterisks mark Uiose elemente which 

are wrongly placed according to modern views ; and it will be 

■See Cft«m. Stm, 1866, 13. 118. 
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seen that oat of a total of sixty-three elements, Newlands had 
succeeded in daasifying correctly no less than forty-four — by 
no means a discreditable result, especially in view of the 
knowledge at his disposal at tlie time when he worked. His 
failures are ascribable to three eaosea In the first place, be 
evidently adhered much too closely to his idea of Octaves, with 
the result that he missed the atguificance of what we now 
term the Eighth Group. Next, owing to scandium being un- 
known at that date, the sequence of elem^its in the third line 
of bis table is not the natural one. Thirdly, several of the 
atomic weights which he used were erroneous, the true atomic 
weight not being known until later. 

To the foregoing table, objections were made on the ground 
that it left no possibility for the insertion of any forthw 
elements which might be discovered. To this Newlands' 
replied that his table was intended to bring out the existence 
of a simple relation among the elements when arranged in 
order of their atomic weights ; and that the discovery of new 
elements in the future would not necessarily disprove this 
relationship though it might modify the form of the table. 

Newlands' own claims' to priority in the matter of the 
classification may be given here, since they exhibit cleariy the 
advances which he had made ; and they are worth comparing 
with the later work of Meudel^f. Newlands was the first to 
publish the principle of the Periodic Table as we have it to- 
day. He applied his Law of Octaves to (1) the' prediction of 
new elements, as shown by gaps in his tables ; (2) the jvedic- 
tion in 1864 of the atomic weight of germanium, which element 
was not discovered until 1886 ; (3) the prediction of the atomic 
weight of indium which had not been experimentally estab- 
lished ; (4) the selection out of two possible numbers of the 
correct atomic weight for beryllium ; (5) the grouping of 
certain elements according to the Law instead of according to 
the system in vogue ; (6) the relation of the Law to physical 
properties, showing that similar terms from difiereat groups, 
such as oxygen and nitrogen or sulphur and phosphorus, fre- 
quently bear more physical resemblance to one another than 
they do to the remaining members of the same chemical group. 

>}{awluidi, Chm. Hvm, 1866, 13, ISO. 

* Nawlandi, T)\» D'uaovtrj/ of th< Ptriodic Law, 1881, p. Til. 
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With this series of easily verified successes to his credit, 
one cannot help asking bow it came about that Xewlands was 
not immediately hailed as a great discoverer and why it was 
left to later workers to reap the credit which he evidently 
deserved. Varions factors seems to have contributed to defeat 
his efforts. In thoee days, the knowledge of atomic weights 
was still uncertain in many cases ; and the chemical public 
waa more interested in the resolts of new determinations than 
in attempts to co-ordinate the figures already obtained. Even 
an accepted basis for atomic weights was lacking. In the first 
half of the nineteenth century, a struggle had been going on 
between two systema advocated respectively by Berzelius 
and by Dumas ; and when, after the breakdown of Berzelius' 
system, Dumas' views seemed to be coming to their own, they 
were supplanted in turn by Qmelin's proposals. The year 
1842 saw the birth of yet another system, put forward by 
Qerhardt, which gained in popularity and displaced Gmelin's 
method of representation. Thus at the middle of the century, 
the whole field of atconic weights was confused by the co- 
existence of new and old standards ; and several systems were 
in vogue which were mutually incompatible. In 1860, Can- 
nizzaro carried the chemical world with him in his definition 
of atomic weight; and it is a proof of Newlands' s^acity that 
he selected the Cannizzaro system when he set out to trace a 
relationship between die atomic weights. When this state 
of confusion of standards is home in mind, it is clear that the 
claims of elemental claasifications could hardly be considered 
with much eagerness. The period, indeed was one in which 
" facts and not theories " might well be the cry of the chemist. 

But in addition to this state of affairs, other influences 
confronted Newlands. It is reported ' that when the Law 
of Octaves was propounded at a meeting of the Chemical 
Society, " Professor G. Foster humorously inquired of Mr. 
Newlands whether he had ever examined the elements ac- 
cording to the order of their initial letters". It is not often 
that humour makes a permanent reputetion for a scientific 
worker ; but Professor Foster's attitude when confronted for 
the first time with the Periodic Iaw does not lack a certain 

1 See ChMn. ll»v,t, 1866, 13, 118. 
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comic element which perhups he himself may have apfHredated 
in later years. 

3. MendeU^. 

Newlanda had failed to win recognition for his system 
of classification; but almost immediately there appeared on 
the scene two personalities, more forcible or more fortnnate, 
which between them were to succeed in compelUog the 
chemical world to take note of new viewa The qaeetioa 
of priority of ideas is a somewhat unfruitful one ; bat in 
this case it may be said that there is evidence * that Lotiiar 
Meyer was rather ahead of Uendel^f in conceaving the 
Periodic System ; but that hia actual publication was the 
later of the two.' In the present section, it will be moat 
convenient to deal with Meudeldefs work, since it follows 
naturally upon that of Newlands, although Kewlands' in* 
veatigatiouB appear to have been unknown to bis sacceasor. 

The form of the table published by Mendeldef * in Mardi, 
1869, is given in the modernised form below, so that it may 
be compared with the earlier work of Newlanda 

MxHDai.iu''B Tabli aa Ex-bmehib, Muich, 1S69 (Jkfodwwwd). 



TiT Or Mn Fe \Co Cu Zn ? ? AaSe BrRbSc Ce* Lk* Di* Th* 
ZtNbHoBb'Ra' Pd Ag Gd U* SnSbTe?! Oi B» 
? T» W Pf It" Ot'Hg* — An" — H Tl Pb" 

Here, as in Newlands' table on p. 317, the elements which 
do not occupy the positions accepted at the present day are 
marked with asterisks. It will be seen that both Kewlands 
and Mendel^f classified sixty-three elements. Of these, 
Newlands placed forty-four correctly, whilst Mendel^ was 

> Meiidel««f , 3. Bum. PftiM. Chtm. Soe., IBBS, 1, 71, 229 ; Zeitich. J. C}i*mu, 
1869, p. 405 ; L. Me:rei. Annal»n (Suppl), ISTO, 7, 368. 

■ See Z*ii»eh. /. CAwum, 186S, p. 106. 

"Sea Bedson, Iiothu Meyer Hemorial Lectors, Trant., 1896, 68, IMS. 
A draft of the Periodic Table wm dnwD up by Mayer in 1860 ; and ft eopy 
of (he completed faun trai handed by him (o ft fiiend in July, 1868. Meode- 
IfeTs first paper appeftred in the early part of 1B69. Compare L. Meyer, Btr,, 
IBeO, 13, 269, 2048 ; Hendal^, iind., 1796. 
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correct in forty-aix cases ; so that the diflference between the 
two workers waa not great at this period. 

This table of 1869, it will be noted, does not contain 
the usual main and snb-groap arrangement which ia now 
oommon in text-books. It was not ontil August, 1871, that 
Hendel^f adopted this form, as shown below : — 



BUTOHLfcw'B 


Table 


IF THH 




L 


U. 


III. 


IV. 


V. 


VI. 


VH. 


vra. 


H 
































Na 


Hb 


Al 


Si 


P 


s 


G) 














Ot 


Mn 




(Ou) 


Zn 






Ab 


s« 


Br 


Ni Cu 






Yt 


Zr 


Nb 


Mo 




RuRh 


(H) 


Od 


In 


Sn 


Sb 


Te 


I 


Pd A« 




Ba 


Di 


Ce 














Er 


I* 


Ta 


W 




Os Ir 


(Au) 


Ur 


Tl 


Pb 


K 






Pt An 






_ 


Th 


— 


D 


— 





It is not without interest to compare Mendel^ef's claims 
with those of Newlands. In his Faraday Lecture,' Mendeldef 
summarised as follows the essence of the Periodic Law : (1) 
When arranged according to their atomic weights, the elements 
exhibit a periodicity of properties; (2) Elements which are 
similar in properties have atomic weights which are either 
of almost the same value {e.g., in the platinum group) or 
increase regularly {e.g., the alkali metals); (3) The arrange- 
ment of the elements corresponds to their valencies ; (4) 
The discovery of some unknown elements may be expected ; 
(5) The atomic weights of the elements may be amended 
in some cases; (6) The elements which are widely diffused 
in nature have small atomic weights; (7) The magnitude 
of the atomic weight determines the character of an element ; 
(8) Certain characteristic properties of an element may be 
foretold from its atomic weight. 

When the first five of these statements are compared with 
the six claims of Newlands, quoted on p. 318, it will be found 
that the two selB are practically identical. All that MendelSef 

I Meadel4ef, Tratw., 1889, 66, 6M. 
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ascribed to the Periodic Law had already been achieved by 
the Law of Octaves. Ah to the seventh and eighth clauses, 
they appear to be complemeats of each other \ and neither 
of them was correct even in Mendel^f's day as far as tiie 
rare earth elements were concerned. Finally, the sixth 
clause has nothing to do with the Periodic Law ; it could 
have been arrived at even had the periodicity of chemical 
properties never been discovered. 

On the face of things, then, Mendel^f had achieved 
nothing which Newlands had not already brought before 
the chemical world \ and it ia reasonable to speculate upon 
the success of the one investigator and the comparative failure 
of the other in tiie attempt to draw attention to the periodicity 
in elemental properties. Why did Bfendel^f succeed where 
Newlands failed ? 

In the first place, the atmosphere had changed. Ilie 
year 1860 had seen a coDgress of a hundred leading chemists 
at Karlsruhe, the object of which was to adopt a final standard 
of atomic weights ; and although during the congres itself 
there was much dissension, the arguments of Cannizzaro 
had eventually carried the day and the modern systom of 
expression had become more generally supported by the 
time Mendel4ef published his papers than it was when 
Newlands attempted to gain recognition. This in itself was 
a powerful factor in the fortunes of the Periodic Arrangement. 

Again, the characters of the two men, as far as can be 
judged from their writings, were very different. Newlands 
showed a certain caution in his exposition, trying, apparently, 
to play his strong cards while retaining his weak ones in 
hia hand. This attitude is visible in the quotation given 
on p. 317, in which he evidently feared to bring out his 
complete system lest it should be attacked on some weak 
point. Mendel^ef, on the other hand, had no such hesitations. 
His statement of the Periodic Law was dogmatic and written 
throughout with the air of confidence. Where Newlands 
made tentative suggestions, Mendel^f asserted his views 
bluntly, ahnost without qualification. Not only so, bat 
while Newlands" predictions took the form of the statement 
that a certain element might subsequently be discovered, 
MendelAef had the courage to calculate the exact properties 
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whicti the new element and its compounds would exhibit. 
This attitude of certainty had, doubtless, a " moral effect " 
upon the minds of thoee who studied his papers. 

Reference to a modern form of the Periodic Table given 
opposite will serve to bring out the following points upon which 
Mendel^f laid stress. The elements are arranged in eight 
vertical columns which are termed groups, and ia twelve 
horizontal lines which are designated as Series. Each group 
contains two sets of elements which have a general resem- 
blance, though the members of each suh^;roup have more 
kinship with each other than with the elements of the other 
sub-group. Elements of the odd Series are, in general, much 
more easy to obtain in the free state than are the elements 
belonging to the even Series. The members of the odd 
Series readily form alkyl derivatives, whilst even Series 
elements rarely have this property. In nature, it appears 
to be a rough rule that members of the even Series occur 
aa oxides or oxide derivatives, whereas the odd Series ele- 
ments often occur naturally in the form of sulphides. The 
oxides of the even Series elements are as a whole much 
more basic in chturacter than the corresponding compounds 
of the odd Seriea Curiously enough, the elements from 
lithium to silicon, indumve, appear to stand outside the 
general rules with regard to odd aiffl even Series. 

Mendel^f's Table, even in its most perfect form, is by 
no means free from defecta Some of these will be dealt 
with on a sabseqaent page ; and, for the present, attention 
may be confined to the two extreme Groups, I. and VIII. 
One of Mendel^ef s claims as put forward ahov^ was that 
his arrangement brought the elements into a regular order 
as regards valency ; and m general this claim was justified. 
None the less, the classification of copper, silver and gold 
together along with the alkali metals certainly does not 
support Mendel^'s thesis ; for although all three metala 
can act as monovalent elements, copper also gives divalent 
derivatives and gold is a trivalent element. There is, there- 
fore, just as much reason for placing arsenic along with the 
Group III. elements as there is for classifying together gold 
and sodium. 

Again, Uendel^f in general took the hydrogen and oxygen 
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oompotmdfi of the elementa aa guides to their valency. On &e 
hydrojrea basis boron might belong to Group IV., for its hydro- 
gen derivative has tiie formula B,H, (which is an exact parallel 
to C,H,). 

Finally, the elements of Group Vin. ought to be octavalent 
if the valency rises steadily from left to right through the 
groups ; but in actual practice rhodium and osmium appear to 
be the only two members of the group which are capable of 
octavalency in then- oxides, the others being either hexavalent 
or of even lower valency grades. 

4, Lothar Meyer. 

With a certain jealousy, Mendel^f appears to have wished 
to decry the originality of Lothar Meyer's contributioiiB to the 
ctas»fication of the elements ; and in his Faraday lecture ' the 
only mention which he made of his competitor was the grudg- 
ing statement that " In the following year " (after Mendel^f's 
first publication) " Professor Lothar Meyer, in his well-known 
paper, studied the same subject in more detail and thus con- 
tributed to spread information about the Periodic Law ". From 
this statement it would hardly be possible to deduce the value 
of Lothar Meyer's work or the fact that he brought into view 
a series of periodic relations which MendelSef himself had 
almost entirely missed. •" 

Like Mendel^ef, Lothar Meyer' puhlislied a tabular ar- 
rangement of the elements ; but here, as we have seen, he had 
many {uredecessors. His freshness of outlook was exhibited in 
the discovery of a periodicity which exists in the atomic 
volumes and other physical properties of the elements. Pro- 
ceeding upon the assumption that atoms are aggregates formed 
from one type of matter and differing only in their masses, 
Lothar Meyer selected the volumes of Uie atoms as criteria for 
the change in properties which is observed as we pass from 
element to element. Dividing the atomic weight of the 

'Ueodelief, HVmu., 1889, 65, 634. 

■ L. Mejrer, Awialen (Svf^). 1670, 7. 358 ; see also Us Modem TheoriM of 
Cheniitry. 

* MendelAef (/. Bum. PhyB. Chtm. Soc, 1869, 1, 229) mentionad th&t " the 
oompBriioD of the denwUei and volumee of the elementa In oertaki Series 
tumlabes proof of (he 'QblnnkliieeB' of (he lystetn" of olMHifioBtion. It la 
evident that he failed to appreciate further posaibilitiee. 
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elements by their respective densities in the soUd state, Meyer 
obtained the "atomic volumes"; and by plotting these figures 
as ordinates whilst the weights of the atoms were represented 
by ahecissse, ho was able to show that there was a periodic 
systole and^djsatole in the volume as the atomic weight was 
increased. The graph at the end of this volume shows the type 
of curve thus [»^>duced.* A glance at this curve of atomic 
volumes will be sufGcient to show the number of parallel re- 
lationships which it brings out Melting-pcnnts of the elements 
rise and fall periodically ; refractivity is a periodic property ; 
the electrochemical character of the elements undergoes regular 
alterations along the series ; brittlenees and malleability alter- 
nate with a fair regularity ; and even the colours of chlorides 
show a certain periodicity^ The mere inspection of the graph 
displays a marvelloiu connection between various elemental 
properties such as was only dimly appreciated when the tabular 
arrangement of the elements was employed. 

The relationships exhibited by Lothar Meyer's curve are 
almost self-evident ; but it seems not without interest to draw 
attention to the light which it throws upon tJxe arrangement of 
the Periodic Table. Examination of the curve shows that it 
consists of five complete waves and the fragments of a sixth 
and a seventh. The five complete waves have their troughs at 
carbon, aluminium, nickel, ruthenium and osmium ; the in- 
complete first wave begins at hydrogen and the fragment of 
the final wave ends at uranium on the way to another trough. 
There is nothing in the form of the curve which suggests any- 
thing like the A and B sub-groups in Mendel^f s Table ; for in 
the curve each element in the wave seems to follow naturally 
upon its predecessor. It might be said, however, that the series 
K, Ca, Sc, Ti represents a steady decrease in the atomic volume 
whilst the corresponding snb-group Cu, Zn, Ga, Ge is marked 
by a regular increase in the same property. 

It is, of course, well known that similar elements occur at 
corresponding points on the curve ; thus all the alkali metals 
are placed at the crests (if lithium be excepted) ; all the halo- 
gens lie on the right-hand side of the wave ; and the elements 

* In thia ourve the abaoiBse are atomio numbers and not atomio weights ; 
but the type ol carve it moch the Mme. 
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of the tratuitioDal type like carboD, ailicon, irou, palladinm and 
platinum are situated at the troughs of the varioua waves. 

Thus by devising the curve of atomic volamee, Lothar 
Mayer was able to bring clearly into prominence not only the 
chemical but also the physical properties of the variouB elements 
and to group their inter- relationships into a form which is 
rapidly appreciated by the eye. In this divergence from the 
beaten track of classification he seems to have surpassed 
Mendel^ef by a stride much longer than the advance which 
Mendet^ef could claim to have made npon Newlands. Mende- 
I^ef devised something very like the modem Periodic Table ; 
in doing so he was proceeding upon the same lines as previous 
investigators : but the originality of Lothar Meyer places him 
in a different class. 

Curiously enough, Mendel^ at the time reaped the main 
credit. Lothar Meyer in his ezpoeition of his discoveries ' 
tended rather to the side of scientific caution. His attitude 
towards his own work was that of a critic rather than of an 
advocate ; and it is possible that this modesty of tone led to 
his being ranked on a lower level than the more self-assertive 
Russian. 

5. The Fulfilment of Mendeliefs Predictions. 

It was one of UendelSef's guiding ideas that the discovery 
of natural laws is not the ultimate object of scientific research. 
In his view, unless the formulation of a new law opened up a 
fresh field for further investigation, the law had little interest 
in itsell With this in his mind, he had not hesitated to show 
how the Periodic Law might be utilised m an incentive to 
further work. 

In his early publications he drew attention to the fact that 
the current atomic weights of some elements such as uranium 
and indium could not be brought into agreement with his 
classification ; and he suggested that further research np«u 
these subjects would lead to different results. In 1869, uranium 
was supposed to have an atomic weight of 120 and indium was 
known to have an equivalent of 877, which left 3V'7, 75'4, 

' See hia Modem TheoriM of Chemittry, 1888. This work may ba Btronglj 
reoomntendad evea at the preseuC dft; owing to the breadth (rf its treatment 
and the intecest oE the specalationa contained in ft. 
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113'1 or higher atomic weights poeaible. According to Meade- 
Uef, uranium's atomic weight must be somewhere near 240, 
and the position of indium should be between cadmium and tin, 
which would give it an atomic weight of about 114. These 
predictions and several others of the same type were justified 
by later and more accurate determinations of the atomic 
weights concerned ; and thus the valup of the Periodic Law 
was demonstrated in the clearest manner. 

The most striking success, however, was obtained in the 
case of the three elements scandium, gallium and germanium. 
None of these three metals was known in 1871, nor was there 
any reason to suspect their existence, apart from the occur- 
rence of gaps in the Periodic Table ; yet Mendel^f did not 
hesitate to predict not only their existence but even the 
numerical values of their principal constants. The discovery 
of the three metals (scandium, 1879 ; gallium, 1876 ; and 
germanium, 1886) proved that Mendel^ef's prophecies were 
accurate to an almost uncanny degree, as can be seen from the 
following table : — 

I PropertitH at Q«rmaDlam, dlKOTer«d 

In 1886. 

Dark grey luitrons metal, QrejUli- white InattouB tnetal. 

Veiy hwd lo f uaa. M. P. 900° C. 

Alomio weight about 72. Atomio weight 71-93 on hydrogen 

Bt&adard. 

DensU; Bbont 6-S. Densit; ^^ S-469. 

Atomic volume ■- 18. Alomio volume = 13*2. 

SpMifio heat - 0-07S. Specific heat = 0-076. 

Oxide BbO, of den^ - 4-7 and Oilde OeO, of density '- 1-T08 and 

rooleculai volume = 93. molecular volume = 23-16. 

Chloride EbOI^. liquid, B.P. about Ghlorida OeGl,, liquid, B.P. = 86° C, 

90° a, deneity a 1-9. density = l'SS7. 

Ethyl derivative B8{C^J,, B.P. Ethyl derivative ae(C,HJ^, B.P. 

= \W 0., density = 0-96. = 160° 0., density - about 1-0. 

The discqvery of these three elements and the verification 
of MendeWefs predictions as to their properties served to 
establish the Periodic Law upon the firmest possible foundation. 
Not even the discovery of the planet Neptune can be classed in 
the same category as this work of Mendel^ef ; for the calcula- 
tions of Adams and Leverrier were based upon the definitely 
measured perturbations of Uranus, that is, upon something 
which implied the existence of a cause, whereas the Russian 
3. Rv**. Fh.M». ChMH. Soc, 1871, 3. 39. 
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chdmist had nothing but faith in the accuracy of hie claeaifica- 
tioD to plead in support of his forecasta 

Id view of the success of Mendel^ef's other prophecies, it 
may not be amiss to recall here one * which seems to have 
dropped out of public notice. In the series which contains 
mercury, lead and bismuth, Mendel^ef predicted the existence 
of an dement which he called dvi-telliirinm. It should be an 
analogue of tellurium with an atomic weight of 212 and an 
oxide DtOf In the &ee state it should be an easily fusible, 
non-volatile metal, crystalline and of a grey colour, with a 
density of about 9'3. It should form a second oxide DtO„ 
endowed with feeble acidic and basic properties On active 
oxidation, DtOg should give the higher unstable oxide DtO,, 
which should resemble PbO, and Bi,0, in properties. Dvi- 
tellunum hydride, if found to exist, should be leas stable than 
HgTe. The compounds of dvi-tellurium should be eaoly re- 
duced; and the metal itself should form alloys with other 
metals. This prediction evidently refers to what we now 
know as polonium ; and it will be of interest to learn the 
properties of polonium when they have been more fully ex- 
amined. 

6. Other Conjirmatione of the Periodic Arrajigement. 

Once the Periodic Sj^tem had gained recognition, it was 
natural that its influence should stimulate research in all 
branches of inorganic chemistry. Atomic weights which did 
not concord with the scheme had to be checked and corrected ; 
the chemical properties of certain elements had to be studied 
afresh in order to see whether further work upon them would 
support or destroy Mendel^ef 's views ; and a score of other 
problems had to be taken in hand which would probably have 
remained dormant had not Lothar Meyer and Mendelief suc- 
ceeded in impressing their ideas upon the minds of chemiata 

Of the workers in this field, the most untiring was Car- 
nelley ; ' but space will not permit the description of his re- 
searches. By the collection of an immense quantity of data, 
he was able to show that periodicity was not merely a function 

'Uendeleef, Faraday Lecture, Tram., 1889, 65, 619. 
■ A BomniMy of Camelley's work together with full references ia to be found 
in Chtm. Nwii, JB86, 63, 167, 169, 183. 197. 
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of the elemental series but that it extended equally to the com- 
pounds of the elements. He examined, inter alia, melting- 
points, boiling-points, heats of formation and specific gravities. 
In addition to these, periodicity has been traced in other pro- 
pertiee such as refractivity, hardness, compressibility, thermal 
coefficiente of expansion, and the coefficients of thermal and 
electrical condaction. 

Thus the periodic variations in the properties of the ele- 
ments themselves are accompanied by analogous periodicities ' 
which can be traced even through a aeries of compounds ; and 
the Periodic System has gained immensely in strength by this 
enlargement of its scope. 

7. Crookea. 

Very little thought wiU show that in all the systems 
hitherto described in this chapter there has been one under- 
lying assumption. The atoms of two different elements were 
sappoaed to be dissimilar in character; but all the atoms of a 
single element were tacitly assumed to be identical in all their 
jKvjperties. Every chlorine atom was believed to have exactly 
the same characteristics as any other chlorine atom.; and the 
classification of the elements implied the separation of matter 
as a whole into varioos categories in each of which the material 
was homogeneous. 

It was not until twenty years after the modem Periodic 
System had taken root that Crookes ' suggested a fresh out- 
look. Possibly, he suggested, this assumption of elemental 
homogeneity was unjustified ; and, when the elements them- 
selves were examined more closely, the atoms of which they 
were composed might not all be found absolutely identical in 
character. In the actual course of events it has been shown 
that Crookes was wrong in the particular ease to which he 
applied these views — the elements of the rare earth group — 
bat the ideas which be put forward have been proved to be 
correct on a scale much more extensive than could have been 
anticipated. He did not hesitate to predict that an " absence 
of absolute homogeneity may possibly yet be traced in many 
of the ' elements ' if once the right reagents are selected " • 

' OrookM, Prmidentikl Addreta, Tram., 1838, 63. 487. 
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and thia predictioa has now been verified by the apphcation of 
masB-spectroscopy methods. 

Ill order to make his views clear, Crookes employed a crude 
anal<^y which may be quoted here. " It we take any very 
frequented street in London, say Fleet Street, at a time when 
the animated current runs pretty equally in two directions, 
and if our speed of walking is somewhat greater than Uie 
mean speed of the other foot passengers, we shall observe that 
the throngs on the footways are not evenly distribated, but 
consist of knots or groups — we might almost say blocks — with 
comparatively open intervening spaces. The explanation of 
this unequal agglomeration of individuals is simple. Some 
two or three persons whose rate of walking is slower than the 
average somewhat retard the movements of other persons, 
whether travelling in the same or in the opposite direction 
In this way a slight temporary obstruction is created. The 
persona behind catch ap to the obstruction, and so increase it, 
while those in front of the obstruction, hurrying on unhin- 
dered at their former rate, leave a comparatively free and 
open space, until they, too, find themselves delayed farther on 
by another little group of loiterers," 

Crookes pointed out that this process of segregation was 
common to all types of particles moving with different speeds; 
and that a similar gathering into groups could be detected 
when mixtures of powders of different densities were shaken 
with water in horizontal tubes. He attributed to analogous 
causes the atriations which arc observed in the discharge of 
electricity through gases under moderate pressures. 

Proceeding from this analogy to the case of the elements, 
he continued: "In the molecule of a certain group let the 
form of energy which has tor a factor what we call atomic 
weight be represented by the figure 35'5 ; it follows, from the 
foregoing exposition — which I have endeavoured to make clear 
— that whilst the great bulk of its component atoms have this 
atomic weight, a small percentage may vary from this figure 
to the extent of a decimal place, while a few others may stray 
as much as a whole number or two on one side or the other of 
the mean. The ultimate atoms whose rates are not exactly 
355, but a little higher or lower than 35'5, will congregate 
around the 35-5 nucleus, forming a group whose average value 
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will be 35'5, In like manner, similar groups will be formed 
having the average rates of 80 and 127, whilst intermediate 
spaces will be cleared, the ultimate atoms which occupied these 
lone spaces being attracted to the chlorine, bromine and iodine 
groupings. These groupings represent what at present we 
call elements, but which I conjecture may possibly consist 
each of an element and of a certain group of meta-elements, 
or each may be formed of a whole group of meta-elements, 
none of which greatly preponderates over the remainder. 

From this quotation, it is evident that Crookes believed 
that the atoms of a single " element " might differ from each 
other by quantities greater than a single onit of atomic weight ; 
and as will be seen later in this chapter, his views in this field 
have been triumphantly vindicated. 

It is rather depressing to find that at the time, and even in 
the first decade of the twentieth century, many chemists re- 
garded Crookes' views as pure fantasy. Thus again in the 
history of the Periodic System the exposition of the truth 
failed to convince a scientific audience. 

The objection might be brouglit against Crookes' ideas that 
in the course of time, his hypothetical " meta-elements " would 
become sifted out from the main mass of the " element " around 
which they had accreted; but it must be remembered that 
Crookes postulated an almost complete identity in chemical 
character between the various atoms. As can be seen above, 
he did not regard the chemical characters of his various forms 
of an " element " as being absolutely identical ; but from his 
general exposition it is clear that he believed that none of the 
ordinary reactions with which we are familiar would suffice to 
separate one type of atom from another. 

In the view of Mendel^f ' the Periodic System implied the 
existence of a limited and definite number of elements in each 
period ; and it seemed as though the conception of the meta- 
elements conflicted with this idea. According to Crookes, 
however, if the Periodic Table could not provide for the meta- 
elements, then the fundamental basis of the Periodic Law must 
be modified.' " But if we suppose the elements reinforced by 
a vast namber of bodies slightly differing from each other in 

' Mendelief, PrineipUa 0/ ChemUtry, II., pp. 19 R. 
' Crookes, PceaideQUiJ AddreM, Tram., 1S8B, S3. 490. 
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their properties, and forming, if I may use the expression, 
aggregations of nebulte where we formerly saw, ot believed 
we saw, separate stars, the periodic arrangeuient can no longer 
be definitely grasped. No longer, that is, if we retain our 
usual conception of an element Let us then modify this con- 
ception. For ' element ' read ' elementary group,' such elemen- 
tary groups taking the place of the old elements in the periodic 
scheme — and the difficulty falls away. In defining an element, 
let us not take an external boundary, but an internal type. 
Let us say, t.g., that the smallest ponderable quantity of 
yttrium is an assemblage of ultimate atoms almost infinitely 
more like each other than they are to the atoms of any ap- 
proximating element. It does not follow that the atoms shall 
all be absolutely alike among themselves. The atomic weight 
which we ascribe to yttrium, therefore, merely represents a 
mean value around which the actual weights of the individual 
atoms of the ' element ' range within certain limita But if my 
conjecture is tenable, coold we separate atom from atom, we 
should find them varying within narrow limits on each side 
of the mean." 

Looking back upon this Address of Crookes', it is impos- 
sible not to be impressed by the perspicacity which he dis- 
played. More than a quarter of a century was to pass before 
his far-reaching views were justified by the test of experiment ; 
but our ideas of the Periodic TaUe to^y are those of Crookes 
and not those of Mendel^ef. We now know that the various 
places in the Table are not occupied by homt^eneous systems 
but that in many cases the "elements " are mixtures of more 
than one kii:d of atom. 

8. Tht Zero Group. 
An examination of Mendelief's Table of 1871 (see p. 321) 
will reveal one peculiarity. Beginning with the strongly 
electropositive element lithium, the series contains elements of 
increasing valency and diminishing basicity— beryllium, boron, 
carbon, etc — until it ends sharply with the electronegative 
flnorine. The next element is sodium, which is strongly electro- 
positive. Here, then, there is an abrupt transition from 
electronegative to electropositive character, witti no intermediate 
link. On the other hand, when a start is made at potassium, 
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it 18 foand thai the acidic type of element in the seiies is not so 
marked in ita character; and that with manganeae (which cor- 
responds to the halogens io the Table) there is nothing to 
parallel the extreme electronegative character of fluorine. In 
fact the series at this point shows a gradual transition in char- 
acter, passing from addic chromium through manganese to the 
Eighth Group and then on to copper and zinc without the 
interposition of any markedly negative element having ap- 
peared. Thus against the abrupt transition which occurs in the 
series 0, F, Na, Mg we can only set the gradual change in 
properties of the group Cr, Mn, Fe, Co, Ni, Cu, Zn. By 
analogy, there should lie between fluorine and sodiam some 
element which will form a transition, just oa the Group VIII. 
elements furnish an intermediate stage between manganese and 
copper. The order of the atomic weights soj^eeta something 
of the same kind ; for there is a gap of four units between 
fluorine and sodium, whereas the osoal diSerence between two 
successive elements is about two units. 

It is curious that Mendeltof '3 acute mind did not appreciate 
the meaning of this phenomenon ; but no one appears to have 
grasped the possibilities in this instance. The discovery of the 
intermediate elements came as a complete sorprise to the 
chemical world when in 1894 Rayleigh and Ramsay isolated 
argon, the first of the group. Not only so, but even after the 
discovery there seems to have been considerable difficulty in 
finding a place for this new element in the Periodic System, a 
difficulty which was increased by the fact that the atomic 
weight of argon did not lie between those of chlorine and po- 
tassium, but was rather higher than that of the metal. 

Thomsen^ appears to have been the first to see the full 
bearing of the new advance. He predicted that argon was the 
representative of do less than six new gaseous elements which 
wotild lie between the halogens and the alkali metals and 
which would have atomic weights approximating to 4, 20, 36, 
84, 132 and 212. His forecast ia not absolutely correct, since 
the actual weights are : helium, 4 ; neon, 20'2 ; ai^n, 39 9 ; 
krypton, 8292 ; xenon, 13022 ; and niton, 222 ; but consider- 
ing the state of knowledge at the time, Thomsen's prophecy 
almost deserves to rank with those earlier ones made by 
' ThomMn, Zfliddi. anorqaa. Ck«m., 1896, 9, 383 
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MendelSef. Thomsen further pointed oat that the inert gases 
fonned the transitional group between the halogens and the 
alkalis; and that the abrupt change in electrochemical char- 
acter was bridged by the properties of the new elements : — 

Fluorine Neon Sodium 
EteotronegatiTe. Zero. ElMtiopoiidve. 

Thus by the work of Ramsay and Bayleigh, a new groap 
was added to tlie Periodic Table, which rounded off the classi- 
fication in a satisfactory manner and left no ra^^ edges. 

The introduction of the Zero Group led Mendel^f to pnt 
forward a farther speculation.. If a Zero Group was required 
to complete the horizontal part of the Table, it is possible to 
suppose that there should be a corresponding addition to the 
Series as well ; and that above the series beginning with helium, 
two new series shotild be introduced, one of which would be a 
Zero Series, thus : — 





Group 0. 


Group 1. 


SeriMO . . . 
SeriMl . . 


X 

V 


~ H 


SeriMS . . .He 


U 



Mendel^f ' assumed the existence of at least two new elements, 
designated x and y, one of which he suggested might be the 
element coronium with an atomic weight of 0-4, whilst the other, 
with a maximum atomic weight of 017, he beUeved might be 
the luminiferoua ether. 

9. Isotopes and laobares. 
In the foregtnng pages, the slow evolution of the Periodic 
Table has been traced step by step from the fragmentary triad 
system up to the culmination in the discovery of the gases of 
the Zero Group ; and it may be recalled that throughout that 
long process of development the atomic weights of the elements 
formed the basis upon which the classification reposed. Here 
and there, in the case of iodine and telloriam or of cobalt and 
nickel, the sequence of atomic weights was not exactly that of 
' MandaUef , PrineipUi of Chemiilry, 190S. 
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the chemical properties ; but tbeBe examples were refrarded as 
chance anomalies which did not affect the validity of the main 
system ; and little attention was paid to them except in the 
hope of bringing the inverted paira into line with the rest of 
the categories by a revision of the atomic weights. 

In 1910, evidence had oome to light which was to bring 
collapse to the whole atomic weight basis of the Periodic 
System. Soddy' pointed out that certain members of the 
radioactive group of elements exhibited complete identity of 
chemical behsvionr : thorium, ionium, radiothorium and radio- 
actinium are chemically indistinguishable from each other; 
thorinm-X, actinium-X and radium are chemically inseparable. 
Yet each of these materials has a definite radioactive character 
which distinguishes it from the other members of the same 
class ; and therefore the atoms of, say, ionium and thorium 
cannot be identical in every respect 

Following out this line of thought in the following year, 
Soddy ' put forward the view that chemical analysis, instead of 
being a process of separating matter into various grades such 
that every particle in the one grade is identical with its 
neighbours, is merely a method of gathering matter into a 
series of " types " which are internally homogeneous only ae 
far as chemical character is concerned. Each "type " is easily 
separable by chemical methods from matter belonging to an- 
other " type " ; but the matter included in the single " type " 
may be heterogeneous in reality, although homogeneous as far 
as chemical reactions go. Thus two atoms may be identical in 
chemical behaviour but may differ from each other in atomic 
weight or in radioactive character. 

To express this idea, Soddy coined the word isotopes. 
When two or more elements are chemically inseparable and yet 
are distinguishable by non-chemical differences, such as differ- 
ences in radioactivity or differences in atomic mass, they are 
said to be a group of isotopes; and within the group the 
members are described as isotopic with one another. A differ- 
ence in atomic weight is not necessarily fomid between two 
isotopes ; for radium-D and the end-product of the disintegra- 
tion of radium-C, both have the atomic weight 210, yet they 

' Soddy. Chwt. Soc. Ann. B*p., 1910. 7, 386. 

' Soddy, Chmitutry of the Radio- elmitnti, 1911, 1., 29. 
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differ enUrely from each other in atomic stability, snce radinm-D 
continaes to disintegrate whilst the other isotope remains stable. 
At first it was believed by leea progressive chemists that 
this conception of isotopy could be confined to the group of 
radio-elements and that it would not intrude into the sphere of 
the stable elementary forma ; but the proof that the " element " 
lead exists in two varieties,^ one of which baa tbeatomic weight 
20608 while the other is found to yield the value 207-694, 
showed that even a common element could display isotopy. 

The list of elements existing in isotopic forms has been 
greatly extended by the work of Aston upon mass-spectra. 
Using Thomson's method of positive-ray analysis, by means of 
which Uie isotope of neon was originally discovered,' Aston 
proved * that many " elements " are not atomically homogeneous. 
For example, krypton contains no leas than six setfi of atoms 
with atomic weights of 78, 80, 82, 83, 84 and 86 ; boron is a 
mixture of two types of atom, having weights of 10 and 11 ; 
silicon also contains two varieties of atoms weighing respec- 
tively 28 and 29 ; and chlorine appears to be a mixture of three 
different materials with weights of 35, 37 and 39. Mercury is 
a complex mixture containing atoms weighing 203 and 204 in 
addition to some other material ranging between 197 and 200. 
Thus in the case of the very element chlorine chosen by 
Crookes as an example, we have now experimental proof that 
the " elementary material " is not homogeneous bnt is really a 
mixture of atoms which differ from each other by as much as 
two or even four unite in atomic weight Not only so, but in 
some cases the atomic weights of two elements overlap each 
other. For example, argon and chlorine contain atoms of the 
following weights : — 

Ghlorina 35 

AcgOD 86 

Ghlonne 97 

Chlocins 39 

Argon 10 

'Soddy, Cft«ffi. Soc. Aki\. Sep., 1918, 10, 269; 1916, 13, 347; Soddyuid 
Hymtui, Tran»., 1914, lOS, 1402 ; Curie, Compt. rmd., 1914, IfiS. 1676. 

' ThomaoD, Bays of PoiUive EUetrieity, 1918, p. 112. 

>iHtoii.Wati(r«, 1918, 104,8981 1920,106. 8; 1921,106,826; PhO. Mag., 
1920, 39. 419, 811 ; 1921, 42, 486 ; Tran*., 1921, 119, 877. A fall uDount of 
Aatont' methods uid Tenilta fa to be found in hig paper in Seienet Frognti, 
1920, IS, 313. 



D,g,l,..cbyGOOglC 



THE DEVELOPMENT OF THE PERIODIC LAW 337 

so that a diBtincfcion between argon and chlorine upon a pure 
atomic weight basia is impossible. If the atoms of the two 
gases were separated according to atomic weight and then 
arranged in order of increasiiig mass, the one element would 
be interspersed with the other ; and the Periodic System would 
become impossible. 

From an examination of eighteen elements by means of the 
mass-spectrometer, Aston* established the general rule that 
fdl the atomic masses measured by him were •mhdU numbers 
on the oxygen ^ndord.* In no cose did he detect any material 
with a fractional atomic weight auch as 355 or 398. From 
this he drew the conclusion that Front's hypothesis may yet 
prove to be correct, since the real weights of the atoms are 
evidently representable by a series of whole numbers, and the 
fractional valaee which are found in chemical atomic weight 
determinations are due to the fact that the chemical " atomic 
weight " is not a physical constant but is merely the average 
of a mixture of various atoms having different masses and 
being commingled in chance proportions in the " element ". 

The determination of the densities of iaotoptc forms of lead 
goes to prove that the isotopes have identical atomic volumes ; 
from which it appears that the atomic volume is a true physical 
constant, and the atomic volume curve thus gains additional 
interest. 

The X-ray spectra of two isotopes appear to be identical 
with one another, which from the physical side lends further 
support to the results obtained by purely chemical methods. 

The old system of elemental classification upon an atomic 
weight basis became even more impossible when it was pointed 
out by Stewart* that cases are known in which two elements 
may exist with the same atomic weight but with totally 
distinct chemical properties. For example, mesothorium-1, 
meeothorium-2 and radiothorium have all the same atomic 
weight, 228, but the first belongs to Group II.a, the second to 
Qroup III. a and the third to Group IV .a as far as chemical 



* Hydrogen appears to be »n exception to this rule, the mus of Ita atom 
oorrapondlng to 1-006 in tba maaa-ipectroBoopa ibbuIIb 11 oxygen be taken 

Ml6. 
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I properties are concerned. Such elements were named isobares * 

J bji-Stewart, since their atoms have the same weight. 

^■'"'^ Thus upon a basia of pore experiment, apart from any 

theory of their origin, it is now estahliehed that the atoms 

of elements may be placed ' in one or other of the foUowing 

categories : — 





Atomic 
Wwgbt. 


PUceiD 
the'n.ble. 


Bi^ple.. 


Hetatobaiio beterotopM . 
Iwbs*fo Uotopes . 


Diflerent 


Different 

Same 
DiSsMit 

Sune 


Lithium and ohloriDe 
Tborinm &nd ionioni 

Ihoijum 
Badinm-D and radininX, 
end-prodnoC 



10. AUnnic Order a-ad Atomic Numbers. 

The evidence summarised in the last section destroyed, 
once for all, any attempt to rehabiUtate the atomic weights as 
a guide to the arrangement of the elements according to a 
logical system. The anomalies in the case of argon and 
potassium turned out to be easily explicable on the assumption 
that each of these " elements " consisted of a mixture of more 
than one kind of atom, as indeed is experimentally established 
in numerous cases. But since the experimental evidence 
showed that Crookes was absolutely correct in his conjectures 
in 1888 as to the non-identical character of atoms in elemento, 
the net result of the recent progress was to throw the chemist 
back upon Crookes' further suggestion that the places in the 
Periodic Table should be taken to represent not homogeneous 
matter but chemicaUy homogeneous matter. In other words, 
the Table merely represented a grouping of materials according 
to their chemical character and had no relation to the ultimate 
nature of the atoms which were thus arranged within a sin^ 
class. 

Fortunately, at this moment, evidence came to light from 
another field of research which placed the Periodic System on 

' Soddy, Tratu., 1919, llfi, 1. 

'PnnoQnoad Mo6ar«, the "e" being iosetted metelj to diitiiigiiiab ths 
word from the meteorologicftl tenn " isobai ". 
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a Brm foundation once more. The first suggestions came from 
van Asa. Broek ' and took the form of a proposal to throw 
over the order of atomic weights and to choose instead the 
chemical sequence as the true guide to the solution of elemental 
problems. Thus the sequence of elements in the Table is 
regarded aa the Atomic Order, apart altogether from any 
question of atomic weight. 

With the conception of Atomic Order there came, naturally, 
the idea of Atomic Numbers which served to indicate the 
position of the elements in the series ; but according to van 
den Broek these atomic numbers have s meaning apart 
altogether from the Periodic Table. On his view, if the 
elements are arranged in increasing order of number of 
electrons surrounding the positive nudens of the neutral atom 
and numbered in order I, 2, 3, etc., then these unmbeni — which 
are called the atomic numbers of the elements — are identical 
with the numbers of free electrons in the corresponding neutral 
atoms and also with the numbers of the [^aces occupied by the 
elements in the Periodic Table when hydrogen, helium, lithium, 
eto., are assigned the places 1, 2, 3, etc. 

By this conception, a physical meaning appears in the 
outlines of the Periodic System ; and the recent discoveries in 
the mechanics of the atomic structure are linked up with the 
classification of the elements. 

At the time it was published, van den Broek's series of 
atomic numbers came to a halt, perforce, somewhere in the 
neighbourhood of lanthanunf ; for after that in the aeries 
appeared the rare earth group of elements in which there was 
no chemical guide to help in the establishment of the atomic 
order. In the treatment of Uiese substances, Mendel^fs Table 
had notoriously failed ; and until the total number of the rare 
earth eleroente, discovered and undiscovered, had been es- 
tablished, it was impossible to determioe the correct atomic 
number of a well-known element such as tantaliun, which 
came later in the series. 

At this moment, the work of Moeeley upon X-ray spectra 

'Vui den Btoek, Notum, 1911, 89. 79; 1913, 93. 373, 176; P\il.Mag.. 
191*, Zl, UK ; Phyrifcal. Zaitteh., 1912, li, 99 ; see also Soddy, Nature, 1913, 
93. 999, 4S9 ; Rutherford, ibid., 429 ; Soddy, BrU. Auoe. Report, 1919, paper in 
Section B ; Bohr. Phil. Mag., 1913, 26. 1- 
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was published; and with it, the whole Beqaence of atomic 
numbers was made clear.* AVhen a cathode ray is allowed to 
impinge upon an element, an X-ray is given off by the 
material ; and Moseley showed that the frequency of vibration 
of this X-ray can be expressed by the following formula : — 

Frequency = A(N - 6)* 
where A is a definite (fractional) multiple of Bydberg's funda- 
mental constant for spectra ; 6 ia a numerical constant (equal 
to unity in the case of the E-line of the X-ray spectra) ; and 
N is the atomic number of the element under examination. 

Thus by measuring the frequency of the characteristic 
X-ray emitted by an dement it is possible to determine the 
element's atomic number ; since the other two factors in the 
expression are known. In this way Moseley determined the 
places in the atomic order occupied by most of the known 
elements ; and from bis results it is possible to allocate the 
correct numbers to the remaining places in the Table. Not 
only so, but in the rare earth group of elements it was possible 
to say how many still remained undiscovered. 

Moseley's work placed the conception of atomic order upon a 
firm experimental basis ; and it served further to depreciate the 
value of atomic weights as a guide in classification ; for it was 
found that the sequence of the elements as established by the 
X-ray method was the true chemical order and that it did not 
contain the anomalous inversions in the case of iodine and 
tellunum, etc., which were a blot upon the older mode of 
elemental arrangement 

> UoMle;, Phil. Mag., 191S, 26. 1024 ; 1914, 27, 703 ; see also Sodd;, Cheni. 
Sue. Ann. Btp., 1914, 11, 379, tar furthar infomutioii on Mowley'i unpubliibed 
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CHAPTER XIX. 

THE ATOMS AND THE PERIODIC SYSTEM. 

1. The Atomic Numbers and Atonws Properties. 

In the last chapter it was made clear that the atomic number 
of an element ia connected with the chemical properties of the 
sabstance on the one hand and with the characteristic X-ray 
spectrmn upon the other ; so that it brings into touch with one 
another the physics and the chemistry of the atomic structure. 
In the case of ao fundamental a factor, it ie not without 
interest to go a little deeper into the matter and see if further 
light can be thrown upon the subject. 

When the atomic numbers arc compared with some other 
properties of the elements, it becomes clear that it is eaaier to 
say what is independent of the atomic number than it is to 
iind properties which go hand in hand with the atomic order. 

In the first place, there seems to be no relation between the 
atomic number and the maximnm valency exhibited by an 
element. The atomic numbers increase regularly from lithium 
to chlorine, althoogh the possible maximum valency exhibits 
a periodic rise and fall throughout this series of elements. 
Again, in the rare earth class of elements, although the whole 
set are mainly trivalent and no marked periodicity in valency 
is shown, the atomic numbers increase from element to element 
just as in the previous case. 

Secondly, the iaotopic elements radium-B and lead have 
identical X-ray spectra — and therefore the same atomic number 
— and yet the atomic weight of the one is some seven units 
greater than that of the other. This seems to prove con- 
clofiively that the atomic weight and the atomic number of an 
atom stand in no direct relationship. 

Thirdly, since the radioactive properties of radium-B and 
lead are entirely different, it seems indisputable that the atomic 
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number and the radioactive character of elements are inde- 
pendent properties. This is aomewhat surprising, «dnce 
radioactive change ia supposed to have its seat in the nucleus 
of the atom ; and it might have been anUcipabed that the 
difference between a decrepit nucleus and a stable one would 
have made itself manifest to the X-ray teat. 

In the fourth place come the chemical properties of the 
elements ; and here the ground is eomewhat shaky. What do 
we really understand by the chemical properties of iron? Do 
we mean the properties which it exhibits in the ferrous state 
or in the ferric condition ; or is it proposed to consider all the 
reactions of iron as a whole ? If so, what becomes of the 
Periodic System with its nicely graded series of periodicitieB 
in valency ? Or again, consider Uie case of gold. Here is an 
element which, according to its compounds of maximum 
valency, ought to be placed in Group III. ; yet if this were 
done, the atomic order would be destroyed. The most obvious 
chemical properties of gold do not fall into line with its atomic 
number; for if it be trivalent it should lie with thallium to 
the right of divalent mercury. Thus in order to bring the 
chemical properties into line with the atomic order, it is neces- 
sary to pick and choose among the properties of the element 
in a manner which is nothing less than arbitrary. The plain 
truth of the matter seems to be that after arranging the 
elements in the order of their X-ray spectra, we then have to 
select a particular set of chemical properties which will fit the 
Periodic System, while neglecting wilfully certain other (and 
possibly more characteristic) features of their chemical be- 
haviour, It may be objected that the chemical properties of 
gold mark it off definitely from all other forms of matter with 
which we are acquainted ; which is quite true. But this is not 
the same thing as saying that the position of gold in the X-ray 
atomic order is the natural position of gold among the elements. 

Fifthly, there seems to be no quantitative contiection 
between electromotive force and atomic numbers, though it has 
been shown that the E.M.F, of radium-E is the same as that of 
its isotope Insmuth ; and that the same holds good in the case 
of other isotopic groups.' 

Sixthly, since atomic volumes vary periodically whilst 
' Paaeth and tod Herwy, f\itt<^toi. Z»it»iK., 191(, IS, 797. 

D,g,l,..cbyGOOglC 



THE ATOMS AND THE PERIODIC SYSTEM 343 

atcHmo numberB increase in regular Bequence, no direct relation- 
ship can be traced between these two properties. Here again, 
however, it is found that isotopic elements have equal atomic . 

ThoB in none of the properties mentioned above is there 
any obvious parallelism between the atomic properties and the 
attHoic numbers. Light spectra and X-ray spectra appear to 
be the only cases in which such relations can be traced ; and 
in the light spectra the parallelism is none too obvions. 

Nevertheless, the close alliance between the atomic numbers 
obtained from X-ray spectra and the numbering of the places 
in a table drawn up, in the main, from purely chemical data 
cannot fail to be impressive ; and it is possible that future in- 
vestigations may bring to light further information which may 
widen our ideas on the whole subject of the arrangement of 
tiie elements. * 

In connection with the atomic numbera, attention may be 
directed to another point. A rough comparison between the 
atomic number of an element and the weight of the atom leads 
to the guees that the atomic weight is numerically double the 
atomic number. A closer examination of the matter, however, 
shows that the ratio between the two values is not constant. 
From hehnm up to caldum, the relationship W - 2N holds 
good almost exactly ; but from scandium onwards the weight 
increases at a greater rate than the atomic number does. Thus 
at various points in the series the value of W/N is expressed 
by the numbers shown below : — 

O S Or Sfl Mo Te W U 

W/N " 2-0 2-0 2-ie 3-82 2-38 2'4S 2-lB 2-09 

From these figures it is evident that no arithmetical relation- 
ship exists between the atomic number and the atomic weight 
— as was already obvious from the discovery of isotopes of 
different masses ; and calculation will show that there is no 
readily detectable connection between the two constants. The 
deviation from the calculated value recalls that observed in 
the case of osmotic pressure, which follows van't HofTs formula 

* On the other huid alenients, with different Btomia numbera uid different 
ohemicAl piopaitiei, luoh u sodium and ohlorine, ma; ftlao hsve eikotly equal 
atomio volnmei. 
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up to a ceiiain point and then begins to diverge from it with 
increasing concentration. 

Taming next to the inter-relation of the atomic numbera 
belonging to elements of the same group, there appears to be a 
certain regularity in thie which was detected by Rydberg.' 
Taking the inert gases as examples, their atomic numbers are 
2, 10, 18, 36, 51 and 86 ; and these values can be expressed in 
the following way, which recalls Dumas' work upon the rela- 
Uons betwewi the atomic weights : — 
HeUom .... 2(1*) 
Noon . a (!• + a») 

Argon . 2 (1' + 3" + a«) 

Kiypton . 2 {l» + 2" + 2» + S") 

Xenon . . a(l> + 2» + 2«+3' + 3>) 

SltMi 2 {!■ + 2' + a* + S* + S* + 1*) 

What is most interesting in this series is that it remains quite 
regular in its evolution although the group of rare earth 
elements' comes into the sequence between xenon and niton ; 
and in most cases the intrusion of these elements brings the 
general type of classification to the ground.* 

In connection with the atomic order, a point of some interest 
suggests itself when the transitional region of the zero group 
is examined. In the following table, the figures give the 
melting-points of the elements on the centigrade Scale : — 



e 

1 


Flaoiiue 
- 2330 


Neon 


Sodium 

ST 


IncreuiDg 




Chlorine 
-102° 


t-^ 


FotMalnm 

62° 


coheaion 

1 


Decreuiug 


Bromine 

- V 


E^»n 


BuUdtum 

38° 


Daoraaring 
pogiUvitj 


nesKtivltj 




Xenon 




® 


1 


'"' 


-IW 


36° 



■ BTdberg, Phil. Hag., 1914, 28. m. 

* In aootbet paper (J. Chim. phyt., 1911, 12, 665) RTdbeng suggeeU that 
the elementB o&n be ftrtanged in five serica containing leepectivei; 1, i, 16, 86 
and 61 elementa. His Brat Miies containiS only the electron ; the »e<ymd aeries 
inoladea hydrogen, ooronium, nebulium and helluni ; the thiid aeries extends 
from lithium to argon, incluBlve; the fourth Deriee rune from potaaaium to 
xenon ; and the final Beriee begins at caesium. Compare with this the specu- 
lations of Harldns and Hall (/. Amer. Chem. S<k., 1916, 38. 1S9) and Soddj's 
criticism of them {Chem. Soe. Ann. Beyort, 1916, 13, 254). 
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An examiuatioD of the scheme showa in the first place that 
fiuorine, chlorine and bromine have less molecular cohesive 
power than sodium, potassium and rubidium ; for the melting- 
point indicates the temperature limit at which the organised 
solid collapses into the irregular liquid distribution of mole- 
cules. Thus in the lower members of the series, the electro- 
negative elements have less cohesion than the electropositive 
onea Tliis rule extends to the elements immediately lying 
above and below this set in the atomic order, since the 
" negative " elements nitrogen and oxygen are gaseous, whilst 
the electropositive magnesiam and aluminium are solids. As 
the atomic number increases, however, the relationship of the 
cohesive powers is inverted ; for iodine melts nearly ninety 
degrees higher than caesium. 

The two arrows in the scheme serve to bring ont another 
point. Fluorine is the most strongly electronegative element 
known and the negativity diminishes steadily as we pass down 
the halogen group towards iodine, which shows what might 
almost be called basic properties in such compounds as diphenyl- 
iodoninm hydroxide, (CjH^), : I , OH. Conversely, the basicity 
of the alkali metals decreases as the atomic number falls. 
Thus in the halogen group increase in cohesive power goes 
hand in hand with decreased negativity ; whilst in the alkali 
metals an increase in cohesive power accompanies decreased 
positivity. 

From these facts, three conclusions may be drawn. The 
cohesive power which holds the atoms of a metal together 
obviously has no direct connection with mere positive or nega- 
tive character ; or if there be auch a connection, it is com- 
pletely overborne by some other factor. Seccmdly, the more a 
n^ative element approaches a state of balance between positive 
and negative character, the greater becomes its cohesive power 
and the higher its melting-point. In this connection the case 
of carbon at once suggests itself, since that element yields an 
acidic oxide and yet combines equally well with chlorine or 
with hydrogen, thus showing an amphoteric character ; and, as 
we know, carbon is one of the most infusible of the elements. 
Finally, if the positive and negative characters co\ild be so 
intimately blended as to neutralise each other instead of exist- 
ing side by side as in carbon, it might be expected that the 
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cohesive power of the element would be negligible. The low 
melting and boiling-points of the inert gases snggest that in 
their case this condition is fulfilled* 

It appears, then, that the extremeB of electronegative or 
electropositive character lead to slight intermolecular cohesion ; 
complete neutrality is also accompanied by low cohesive power ; 
but amphoteric character goes hand in hand with great cohesive 
capacity. This cannot fail to suggest that the force of cohesicoi, 
if it be chemical, depends upon an unlikeness in the valencies 
of the atoms of the element involved ; and this idea is supported 
by the fact that the alkali metala which show most cohesive 
power are capable of uniting with both chlorine and hydrogen, 
whereas fluorine, though it gives a hydrogen compound, will 
not unite with chlorine. 

2, Some Besemblanees not Expressed in the Periodic Table. 

Although Mendel£eFs form of the Periodic Table, with its 
Bub-Oroups A and B, produces at first sight a satisfying solu- 
tion of the problem of elemental dassification, it must be borne 
in mind that it fails in several respects ; and that its somewhat 
illusive simplicity is apt to mislead us in some ways. In the 
first place, it fails completely to deal with the group of rare 
earth elements ; for if the symmetry of the Table be maintained, 
there are more blanks in it than can be filled by the number of 
elements predicted from the X-ray spectra aeries ; whilst if all 
tiie rare earth elements be allotted to a single space in the 
Table, then the spectrum evidence mast be n^lected alto- 
gether, since it ascribes separate places to each member of the 
rare earth group. 

There is a lesser objection to be brought against the Mende- 
16ef Table which deserves a brief notice here. While the 
Mendel^f system brings out a very large number of resem* 
blances between the properties of elements of the same group 
in many cases, it places in juxtaposition some elements which 
do not resemble each other except in the most superficial 
manner, and at the same time it separates from one another 
certain elements exhibiting resemblances which are often closer 
than those shown by members of the A and B sub-Qroaps of a 

* Ths foot that the metting-point of helium is lower thkii that of hydragen 
ii Bspeciall; atriking in this couneotion. 
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EUDgle gronp in the Table. A few concrete exiunplee may 
serve to direct the attenticm of tbe reader to this point. 

Beginning with Gronp I., we find included in it the two 
snb-gronps : (1) lithium, Bodiom, potaasium, rubidium, caesiam ; 
and (2) copper, silver and gold. It is safe to say that a chemist 
acquainted only with the chemical and physical properties of • 
the elementa and ignorant of the Periodic System would hardly 
be likely to classify these two sub-groups together. 

Taking valency under consideration in the first place, the 
alkali metals form chlorides of the type B . 01 and must there- 
fore be regarded as monovalent ; but in sub-Group B, the 
matter assumea a difiereut aspect. Copper yields both cuprous 
and cupric salts, in the latter of which the metal must be diva- 
lent ; and if the formula for cuprous chloride be Cu,Cli, copper 
is divalent in this case also. Silver appears to be Uke the 
alkali metals in that it exhibits only monovalency in its chloride. 
Gold, on the oi^er hand, exhibits monoval«icy in AuCl and 
trivaleDcy in AuCl,. 

Turning to solubility, the difiereuce between the two sub- 
groups is even more marked. While the chlorides of the alkalis 
are all readily soluble in water, the chlorides derived from 
monovalent silver and gold are insoluble, as is also cuprous 
chloride. 

A marked difference is to be found in the atomic volumes, 
since the alkali metals have the largest volumes of all the 
elements, whilst the elements of the copper sub-group lie at tbe 
troughs of the Atomic Volume Curve. 

la purely chemical characteristics, similar differences are 
exhibited. All the alkali metals attack water rapidly at 
ordinary temperatures ; but the action of copper, silver and 
gold under the same circumstances is almost negligible. The 
alkali metals form both normal carbonates and bicarbonatee ; * 
whilst in the case of copper and silver no bicarbonate is known 
and copper yields a basic carbonate in contradistinction to the 
addic bicarbonatee of the alkalis. 

When the actual resemblances between the members of the 
two sab-groupB are examined, it will be found that they are 

*Hote bha teMmblatioe to caloium in th{4, t, reBemUaoce irhich b 
■tiengthened in the oue of lithium owing to the oompajative insolubilitj of ita 
OMbcoiate. 
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few in number and not particularly striking. The double salt 
formation of the alkalis may find its parallel in the complex- 
forming capacity of copper and its analogaea. Some cases of 
iaoroorphiBm between the salts of the members of the two sub- 
groups may also point to an innate resemblance in character. 

On the whole, therefore, the juxtaposing of copper, silver, 
gold and the alkali metals is certainly not satisfying in its re- 
sults, as far as the bringing out of chemical reeemblances goes. 
It may be well to ascertain if there are not closer kinships 
which are masked by the arrangement of Mendel^f 's Table. 

Let us bake copper as an example and see whether some 
other elements do not resemble it more closely than the alkali 
metals do. Since it occurs in the divalent form, we may begin 
by examining the metals of Qroup II. in order to find among 
them any possible parallel to the properties of copper. The 
sub-Group A may be omitted from consideration, since Ca, Sr 
and Ba do not show any clear relationship with copper. This 
leaves as with beryllinm and magnesium, zinc, cadmiom and 
mercury. 

The oxides BeO, MgO and ZnO have close chemical re- 
lationships with CuO ; and all four metals yield insoluble 
hydroxides. The formation of basic carbonates is characteristic 
of the whole series of elements. Zinc, cadmium and mercury, 
like copper, form insoluble sulphides. When the resemblances 
between copper and mercury are considered, they are very close 
indeed. While copper forms two oxides, Cu^O and CuO, 
mercury yields Hg,0 and HgO. Again, in the case of the 
chlorides, CuiClj and HgiClj are insoluble in water whilst 
CuCl, and HgGlj are readily soluble in either water or alcohol 
Both copper and mercory form basic sulphates, carbonates and 
nitrates. With ammonia, the salts of the two metals give rise 
to a series of complex ammoniacal derivatives. From these 
facts, it is clear that, logically, copper has associations with 
other elements much closer than those which unite it with the 
alkalis. 

Bnt this type of resemblance does not even cease with 
Qroup IL, for thallium, in the third group, also shows a remark- 
able kinship with copper. Thus parallel to cnprous hydroxide 
we find thallous hydroxide, both of which are obtainable by 
precipitation ; cuprous sulphide, CujS, finds its analogue in 
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thallous Bolphide, T1,S, botli compoaods being insoluble in 
water. There are otber reaemblances wbich it is not necessary 
iiO mention in detail. 

Curiously enough, thallium also displays resemblances to 
the alkali metala For example, the properties of thallous 
carbonate, TI^CO,, are very close to those of lithium and sodium 
carbonates. In fact, thallium carbonate might also be re^rded 
as a " bridge " between the carbonates of lithium and sodium. 
Again, the sulphate and phosphate of thallium in the mono- 
valent condition are isomorphous with the corresponding potas- 
sium compounds ; and this resemblance persists even into the 
stage of the alnms. 

Silver and monovalent thallium are also related to one another 
by some properties. The chlorides, bromides and iodides of 
the two metals can be prepared by precipitation ; and thalloue 
chloride is photosensitive like silver chloride. The fluorides 
of the two elements are very soluble in water. Both metals 
yield black insoluble sulphides. Silver sulphate and thallous 
sulphate are both sparingly soluble in water and liieir solu- 
bilities are increased by the addition of dilute sulphuric acid. 
Thallous nitrate and silver nitrate occur in the rhombic form 
and each passes into a new crystalline form on heating. The 
two phosphates, Ag^PO, and TlaPO,, are obtaiuable by pre- 
cipitation. 

Between gold and thallium there is also a certain re- 
semblance, closer than that which exists between gold and the 
alkali metals. Both gold and thallium yield oxides of the 
type R,0 and RgOj. The hydroxides have the compositions 
corresponding to B.OH and (BOH),. When heated, both 
auric and thallic hydroxides undergo changes resulting in 
AnO(OH) and TIO(OH) respectively. Aorous chloride and 
thallous chloride are both very slightly soluble in water, whilst 
auric and tballic chlorides are deliquescent The sulphides of 
gold and thallium in the monovalent condition resemble each 
other in several respects. 

The for^;oing facts are quite suflEcient to bring out two 
points. In the first place, copper, silver and gold have alli- 
ances with metals in the second and third groups which are 
mtt4^ more striking than any resemblances we can suggest 
between them and the alkali metals. Secondly, thallium 
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exhibits an extraordinary likeness to the alkali metals on the 
one hand and to copper, silver and gold on the other, the re- 
semblances in each cose covering the very properties in which- 
the alkalis and the copper gronp differ most from each other. 
The Table in its present form snggesta nothing of this 
character ; and to this extent it must be regarded as an in- 
complete representation of the chemical facta 

If, instead of comparing copper, silver and gold with the 
elements lying above them in the atomic order, we tarn to those 
which precede them in this arrangement, a different state of 
things is to be found. Only a few resemblascefl exist, and 
these are physical rather than chemical. Nickel and copper 
both occur naturally as NiO and CuO respectively. Both 
yield hydroxides of the type B(OH)i which are insoluble in 
water but soluble in ammoniacal solutions. Each element 
forms two sulphides of which the lower is obtained by heating 
sulphur with the element, whilst the higher sulphide is pre- 
pared by precipitation. Addition of an alkali carbonate pro- 
duces basic carbonates from solutions of nickel or copper salts. 
With nitrogen peroxide, both metals give " nitro " derivatives, 
Ca,(NO,), and Ni,(NO0. 

The resemblances between palladium and silver are almost 
entirely confined to the physical properties, since palladium 
is divalent while silver is definitely monovalent. Gold and 
platinum have a certain chemical kinship owing to the 
occurrence of a trivalent form of platinum ; but there is no 
marked similarity between the two elements. It has been 
STi^;ested * that the trivalency of gold enables this element to 
take its pUce naturally in the series — 

PtClj AuCl, HgCl, TlCl 
and this view seems to hint that in the Periodic Table too 
much stress has been placed upon some displays of valency 
to the detriment of others which on the surface do not agree 
with the system of classification. 

Let us now turn to the elements of Group II. in the Table. 

Here all appears to be quite in order, for with the exception 

of mercury (which has already been dealt with above) the 

metals behave normally as regards valency. An examination 

' Oaven and Lander, htorgamc Chemitlry, 1906, p. 61. 
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of the properties of beryllium, however, brings out immedi- 
ately a strong resemblance between it and aluminium. Both 
metals yield gelatinous hydroxides which can be prepared by 
precipitation and which are soluble in acid or alkali ; neither 
yields a normal carbonate by precipitation ; and both metals at- 
tack alkaline solutions with the evolution of hydrogen. Some 
attempts have been made to draw a parallel between lead 
and barium ; but with the exception of the insolubility of the 
two sulphates, there seems to be little real likeness between them. 
In Group III., boron offers a remarkable resemblance to 
silicon in Gronp IV. and to some extent resembles carbon also. 
Thus boron and silicon are prepared by analogous methods 
(reduction of fluoride of element by means of metals or re- 
daction of potassium bore- or silico-fluoride with potassium). 
Neither boron nor Bilicou unites direct with the alkali metals. 
The most striking parallelism is to be found in the hydrides 
of the elements; for although boron is placed in Group III., 
its hydrogen derivatives show it to be closely associated with 
silicon and carbon, as the following list proves: — 



B,H. 


B,H„ 


BgHi, 




C.H„ 


C,H„ 


sl,s. 







From its position in Group III., boron might have been ex- 
pected to yield the hydride BH, ; but the place of this sub- 
stance is taken by B,H^ which is a colourless gas like the 
corresponding ethane and sUico-ethane. 

Omitting Groups IV. and V. and passing to Group VI,, we 
reach chromium, which seems to have collective properties 
belonging to many other elements. The oxide CrO, when in 
the hydrated form Cr(OH)„ is feebly basic and recalls the 
behaviour of the corresponding compounds MgO and ZqO. 
The sesquioxide. CrjO, resembles Al,Oj and Fe,0, in its faculty, 
when hydrated, of dissolving in either acids or alkalis ; and 
in the power of producing alums like chrome alum, which are 
exactly analogous to the aluminium alnms. Chromic oxide, 
CrO„ has many analogies with the oxides of its group- 
congeners, tungsten and molybdenum. Chromous sulphate, 
GrSO^ 7H,0, forms a douUe sulphate with potassium sulphate 
which is exactly analogous to the double salt of potassium and 
ferrous sulphates. 
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Qroup VII. provides in manganese an element which is 
probably one of the most extraordinary of the chemical 
chameleons. MnO is a baaic oxide j^eldiog manganons salts 
such as MnSOf which forms a doable salt with potassium 
aulphate, isomorpbons with the double sulphates of potas- 
siam sulphate and magnesium, or ferrous sulphate. Thus 
manganese may be regarded as related to iron and magnesium. 
Manganous hydroxide, Mn(OH)„ ia prepared by the precipitation 
of a salt by means of caustic alkali. Just as cuprous hydroxide 
is obtained ; and, like cuprous hydroxide, the manganous deri- 
vative readily oxidises in air. On this account a relationship 
can be traced between manganese and copper. Again, the 
manganatea are isomorphous with the sulphates and chromates, 
which brings out an analogy between manganese and the ele- 
ments of Qroup VL Finally, the resemblances between man- 
ganese and the halogens appear to be confined to the case of the 
permanganates, which are isomorphous with the perchlorat«8 ; 
but the parallel ends here, since there is no resemblance be* 
tween oxides lower than CljO; and MngOr- 

The following table will serve to bring out the very 
numerous associations which manganese has with the other 
elements : — 



Blanganase Compound. 




Aialogoua 




MnO 




FaO 






Mn,0, 




Pe,0, 






MnO, 




GrO, 






Mo,0, 




01,0, 






Mn(OH), 




Pe(OH). 




Mg(OH), 


MnCO, 




FeCO, 






KjMnO, 




MO4 




K,CrOj 


EMdO, 




KOlO, 






MnSOj. 7H,0 




PoSO,, 7HjO 




MgSO,, 7, 


MnSO., K,SO„ 


,6H,0 


Peso,, K,80j 


.6H,0 


Mg80„E 



Mn,(SO,)„ K,30„ aiHjO Fe^SO.f,, K,SO„24H,0 A1,(80J„ E,SO,. Mfl,0 

Manganese gives rise to no less than five oxidee, MnO, 
Mn^O,, MnC^, MnO| and Mn,0^ ; and if it be permissible to 
select AuCl rather than AuCl, as the typical compound in the 
case of gold, it is evident that some defence might be urged in 
favour of placing manganese in the second, third, fourth or 
sixth groups just as logically as in the usual position in the 
seventh group, where it has, as a matter of fact, very few 
resemblances to its neighbours. 
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Enough has now been said to show clearly that the Periodic 
Table by no means exhibits all the similarities between the 
elements ; and, on the other hand, it brings together elements 
which are very unlike each other, as in Gronp I. It is evident 
that MendeI6ef' B daseification is too rigid — as the case of the 
rare earth elements shows plainly — and if a system less liable 
to criticism is to be evolved, it will have to take on a more 
flexible character. This question, however, may be postponed 
to » later section of this chapter. 

3. The Bare Earth Elements. 

The oocnrrence of the rare earth group of elements is one 
of the most puzzling facts which research has brought to light 
in inorganic chemistry ; for here, in the very middle of the 
Periodic S^tem, are found no less than seventeen elements 
which up to the present have defied all efforts to bring them 
into a satisfactory relation to the remaining types of elementary 
matter. In earlier days, it was always possible to assume that 
further inveetigation would reveal fresh members of the group 
and that the properties of these new materials might serve as 
clues to a proper classiS cation ; but the work of Uoseley upon 
the X-ray spectra of the elements has made it clear that only 
one more rar^ earth element remains to be discovered ; and it 
seems hardly likely that its character will enable us to see very 
much further into the maze than we do at present. 

According to Uoseley's reenlts,' the atomic numbers of the 
rare earth elements are those shown in the table below. The 
element corresponding to the number 61 is still undiscovered 
(1921) :— 



Atranic 




Atomic 


Atomic 




Atomic 


Namber. 




Weight. 


N«rab«. 




Weight. 


67 




189-0 


66 


TwWnin . . 


169-2 


58 


Oariain . . 


140-26 


66 


DyBprosium 


162-6 


69 


pTMeodTminm 


1*0-9 


G7 


Holmium 


IBS-S 


60 


Hwdyiaium . 


144-8 


es 


Erbium . . 


187-7 


61 




? 


69 


ThuUam . 


168-6 


63 




lSO-4 


70 


TUerbiam 


178-6 


68 


BDKoplDm 


162-0 


71 


Iiutwium 


176 


64 


167-8 


73 


Oeltiuin . . 


? 


-r:: 













' MoMla;, Phil. Mag., 1913, 26. 1034 ; 1914, 37, 708 ; i 
Soe. Ann. BeporU, 1014, 11, 279, for furthei: inforniAtioii, 
23 



ealioSodd;, ChfiR. 
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A glance at the ordinary form of the Periodic Table 
will suffice to show how anomalous this rare earth group 
is. The first two Periods, helium to fluorine and neon to 
fihlorine, contain eight elements each ; the nest two Periods, 
argon to bromine and krypton to iodine, eighteen elements 
each ; so that apparently a Fresh type of element — the 
groups scandium to zinc and yttrium to indium — ^hos been 
inserted into the system in the second pair of Periods. By 
analogy, it might be expected that in the next two Periods, 
beginning with xenon and niton respectively, yet another 
fresh type of element would make its appearance ; and at 
first sight the rare earth group seems to fulfil the ex- 
pectation, since its occurrence leogtheaa the xenon penod 
to thirty-two elements. 

At this point, however, objections arise. In the first 
place, the interpolated elements in the second pair of periods 
have direct analogies with the corresponding elements of 
t^e first two periods : scandium and yttrium resemble 
aluminium; and chromium and molybdenum show some 
likeness to sulphur in tfaeir compound& In the case of 
the rare earth elements, the whole' group shows a marked 
trivalent character and there is nothing even remotely re- 
sembling a halogen to be detected among them. Further, 
if the rare earth group were a normal development in the 
elementary grouping, it should be repeated in the next long 
period, just as zirconium repeats the type of titanium, with 
modifications, in the second pair of periods.^ Actually, 
however, the period beginning with niton shows no trace 
of a rare earth group in it ; for the atomic number of 
thorium is ninety, which allows no intercalation of a "rare 
earth group " at alL Nor is the matter evaded by as- 
suming that the various isotopes make up the " rare earth " 
gronp, for the number of them already known raises the 
figure far above the required thirty-two. 

We are thus left with this mysterious class of elements, 
all closely resembling each other in properties, which has 
to be fitted into the scheme of elemental classification in 
some way or other. Three methods of dealing with them 
have been suggested : (1) to place them all in a single space 

' Soddy, Chei«. Sac Ann. Beportt, 1916, 13, 29*. 
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in Gronp III.; (2) to regard them as a "bridge" between 
barium and tantalum outside the ordmary tabular arrange- 
ment ; and (3) to distribute them among the ordinary groups 
in a more or less systematic manner. These three proposals 
may be dealt with in turn : — 

1. The suggestion of grouping all the rare earth elements 
Into a single space in the table ie one which nowadays has 
few supporters. The rare earth elements, though difficult 
to isolate from one another, are not by any means chemically 
inseparable ; and they have no claim whatever to be re- 
garded as isotopic with each other. The frequencies of 
their X-ray spectra run in an order as regular as that of 
the ordinary elements and since each of them is thus pos- 
seeaed of a definite atomic number, it seems evident that 
each must be granted an individual place in any arrangement 
of the elements which we draw up. 

2. The second proposal — to place the rare earth group 
outside the table altogether — is a complete negation of our 
laboriously-acquired views on the Atomic Ordor. Since the 
Atomic Numbers run consecutively from barium to tantalum 
there is no argument for the creation of a hiatus in the middle 
of the series. 

3. These two suggestions being thus put aside, there 
remains only the hope that the rare earth elements can be 
distributed in some way among the others. Various attempts 
have been made to do this ; but it cannot yet be claimed 
that Uie efforts have been entirely successful. The ordinary 
Mendel^f Table is placed out of court at once, on account 
of the disparity between the number of blank q>aoes in it 
and the number of the rare earth elements known to exist. 
Also, neither the halogen nor the inert gas group is re- 
presented by anytiiing we are acquainted with among the 
rare earth elements, although Mendel^f's system would 
demand the existence of two such types. Evidently, then, 
in order to fit the rare earths into the elemental classifica- 
tion, the rigidity of the Mendel^f arrangement must be 
discarded. 

The following attempt' seems to be the most successful 

1 Stewart, B«e«ni Aivanon in PhmiooX and hwrgaiaa UhtmMry, 1930, 

p. asc. 
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ap to the present, though it is probably open to improvemeDt. 
Since the rare earth elements, with the exception of oeriani, 
praseodymiom and terbiam, are all trivalent, they muat be 
placed in association with other elements which at least 
show trivalency, no matter what their other valency powers 
may be. In the period beginning with mbidium, ^e series 
of elements from ytbriam to rhodium show this capacity for 
trivalency ; and in the set : tantalum, tungsten (75), osmiiun, 
iridium, [datinum, the possibility of obtaiDing an unbroken 
aeries of "trivalent" compounds is broken at iridium, since 
platinum yields no trivalent dwivatives. Logically, there- 
fore, the rare earth gronp should be placed somehow in 
conformity with these " trivalent" elements ; and the following 
seems to fulfil the requirements of the case : — 



Qd Tb Dy Ho Br Tm 
Lu Ct Ta W — Oa 

Ao Th DX, U _ — 



It will be noticed that this arrangement is symmetrical 
and requires exactly the proper number of rare earth elemmts 
which is predicted by the X-ray spectra measurements. 
Further, the stable oxide of cerium is CeOj which is parallel 
to ZrO, and ThO, ; whilst terbium also departs from the 
normal trivalency of the rare earth elements. In the next 
column to the right, praseodymium likewise fumishea an 
exception to the usual trivalent character, forming the 
oxide PrO, which can be paralleled by VOj, CbO, and TaO„ 
all of which resemble it physically. At the right hand of 
this line, europium forms two cUorides, EuCl, and EuCl,, 
which are paralleled by IrCl, and IrClr There is other 
evidence in favour of the arrangement ; but it is unneceaaary 
to enter into it her& Even at the best, as can be seen, the 
rare earth elements can be accommodated in the elemental 
classification only by diverging widely from the symmetry 
of the Uendel^ef system ; which goes to show that this 
symmetry is not in accordance with truth 
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4 rAc PosHion of Hydrogen. 

While it ia comparatively simple to urange most of the 
elements in such ways as to bring oat the resemblaoces 
and diffwences between them, it has been fonnd almost im- 
possible to discover the proper position of hydix^n in any 
of these systems. This is perhaps not remarkable, if hydn^en 
be regarded as the lowest member of the elemmtal series ; for 
in the homologoua series of oigamc chemistry the lowest member 
always jn^eents cwtain abnormalities in its properties which 
serve to differentiate it in character from its congeners. It 
is not without interest to examine the properties of hydrogen 
and see, if possible, what its natural alliances ara 

Since hydrogen is the typical monovalent element which 
is used as a gauge for the valency of most of the other element- 
ary forms of matter, it is clear that it must naturally be allied 
to either of the two mcmovalent groups : tiie alkali metals or 
the halogens. We may therefore compare its character with 
that of an alkali metal and that of a halogen and see how 
far the analc^ can be stretched in order to include hydrogen 
in either of these categories. 

In the first place, hydn^en may be compared with metals 
such as lithium or sodium Like them, it yidds strongly 
electropositive ions ; and in the ionic form its character closely 
resembles that of an alkali metal Like the alkah metals, it 
forma stable and highly ionisable compounds with the halogens ; 
and in general it combines more readily and more firmly with 
non-metallic than with metallic elements. 

A comparison between hydrogen and the halogens, on the 
other hand, brings out the following points : When liquefied 
and solidified, hydrogen resembles the halogens and shows no 
sign of metallic character.' Solid hydrogen ia much less like 
a metal than iodine ia. Further, the boiling-point of hydrogen 
appears to place it along with the halogens rather than with 
the alkali metals ; for as can be seen from the following 
table, it fits naturally into the series of the halogens ; whereas 
in order to harmonise with the alkali metals it would re- 
quire to have a boiling-point higher than red-heat : — 

' Dewar, Compt. rmd„ 1899, 129, it>l. 
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- asa-o" 












Chlorlna . . . 


-SB-ff- 


877 -fl' 


Sodium 




+ 69° 


767-6° 


FotM»iDm 


lodioe . 


+ 176° 


698° 


Rabidinm 






670° 


CMrinm 



Another resemblance between the halogens voA hydrogen 
lies in the fact that all of them in the gaseous state have 
diatomic molecules, whereas the alkali metals are monatomic 
under the same coQdition& Then again, if hydrogen were 
akin to the metals, it might be expected that the metallic 
hydrides would behave like intermetallic compomids and act 
as good conductors of electricity; whereas in practice it is 
found that they do not conduct' A stndy of lithiom hydride' 
shows it to be a close analogue of lithium chloride in crystalline 
form, heat of formatitm, atomic heat, atomic volume, colouring 
by ultra-violet light and oth^ properties. In the hydrocarbons, 
hydrogen can be replaced quite readily by chlorine, but not 
by atoms of the alkaJi metala 

In addition to this purely experimental evidence, the 
halogen relationship is supported also by an argument frdm 
'the atomic order. If hydrogen has the atomic number 1, 
it must immediately precede heliwn ; and this poaitimi would 
place it in the halogen column above fluorine. 

From the evidence given above, it is clear that whether 
hydrogen be placed in the one or the other dF the two possible 
groups, its position will be anomalous in some respects. In 
its chemical properties, it appears to lean toward the metallic 
side ; but its physical character twids to bring it into line 
with the halogens. It seems impossible to place it properly 
in the present periodic system ; and the proposal of Schmidt,* 
which will be dealt with later in this chapter; has much to 
recommend it. 

5. Sotm Atomic Volume Problems. 
While atomic weights have lost their original importance as 
guides to classiflcfttion, atomic volumes appear to have gained 



1 MoiuAD, Comjit. rend., 1903, 13B. 691. 
*Nenirt, Zeitieh. EUktroehm,, 1990, 96. SS3. 
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in interest owing to the work which has been done upon the 
varieties of lead from radioactive sources. Lead from thorium 
and lead from uraniam have different atomic weightfl and 
different densities ; but when the atomic volumes of the two 
types are calculated, they are found to be identical' This is 
perhspe a slender basis for generalisation, but if it be adopted, 
it wonld appear that in the atomic volume we have a true 
physical constant which is the same for all isotopes. It is 
therefore of considerable interest to look more closely into the 
nature of atomic volumes; and it will be found that they 
present many points of a very auggeetive nature. 

It 1b, of course, more than doubtful whether the numbers 
which we use to express atomic volumes are absolutely correct ; 
for temperature and pressure both enter into the problem and 
up to the present no uniform corrections have been made for 
the influence of these factors. All that we have obtained are 
rough approximations to a standard atomic volume. Never- 
tiieless Uieae approximations exhibit certain regularities which 
are of the greatest interest. Only one or two points can be 
dealt with here; but othera will be apparent if a close study 
is made of the atomic volume curve at the end of this book. 

In the first place, as Lothar Meyer ^ pointed out, it is re- 
markable that elements with similar atomic volumes exhibit 
totally different properties according as they are situated upon 
the riang ot the falling branch of the atomic volume curve. 
Thus sodium and chlorine have an atomic volume of 23-7 ; but 
sodium represents a maximum of the graph whereas chlorine 
ia OQ an upward branch. Colnmbium and cadmium furnish 
another example, since they have identical atomic volumes, 
130; but here columbinm is on the down-grade slope whilst 
cadmium lies on the next upward gradient. 

A possible explanation of this ia to be found in the elec* 
tronic theory of matter. If it be assumed that atoms consist 
of a central positive nucleus containing ^^rges equal in number 
to the atomic number and surrounded by negative electrons 
sufficient to make the whole system electrically neutral, then 
evidently the " atomic volume " represents the sphere occupied 
by the negative electrons. A large atomic volume implies that 
■ Soddy, ^atuM, 1917, 98, 469. 
' LotiiM Meyer, Jttodsrn Thmrritt of Chemulry, 1888, p. 13C. 
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some of these electrons are far removed &om the centra] 
uaclena ; a small atomic volome correBponds to a more compact 
grouping. Further, a metallic atom — since it gives rise to a 
positive ion — most be able to port with an electron readily \ 
whereas a halogen atom — since it picks up an electron on 
ionisation — must be capable of attracting negative charges from 
outeide the atomic sphera Now api^y these ideas to the cases of 
sodium and chlorine. In each case the oatermoet n^ative 
"dectroDS mitst be at the same distances from the central nuclei, 
since the atomic volumes are identical in the two elements. But 
in the case of sodinra, the central nucleus contains eleven positive 
charges whereas in the case of chlorine there are seventeen 
positive charges in the nodeus. Obviously the pull of the 
central nucleus upon a negative electron outside the system will 
be strong in the case of chlorine and weaker in the case of 
sodium ; and, on the other hand, the attraction of an external 
positive nucleus (another atom) will remove an electron much 
more readily from a sodium than from a chlorine atom. This 
conception, therefore, serves to account for the ionic character 
of these elements. 

I'he conception of a true Atomic Order gains support from 
another observation made by Lothor Meyer ; ' for he pointed 
out that the properties of an element can be inferred from its 
position on the atomic volume curve and that this position de- 
pends upon the nature of the preceding and succeeding elements 
in the series. For example, an element is easily fusible w 
volatile if it possesses an atomic volume lai^;er than that of the 
preceding element with a lower atomic weight ; and, conversely, 
if the atomic volume of an element is not larger than that of 
its predecessor, then the element will be fusible or volatile only 
with difficulty. Thus, in addition to the mere sequence of 
elements su^ested by the X>ray spectra, there is a further in- 
fluence to be taken into aocoont, (Spending upon the ratio be- 
tween the atomic volQmes of two successive members of the 
series. 

Again, examination of the atomic volume curve will bring 
out the fact that a marked change in inclination corresponds to 
a perceptible difference in elemental properties. The passage 
from the electronegative to the electropositive type of element is 

' LothM HsTBi, ifod«m Thttihu of Chtmutrv, 1888, ^ 189, 1*8 0. 
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paralleled by & marked point of inflection in tlie curve ; tiiough, 
curiously enough, this point of inflection does not oorreapond to 
the positions of the inert elemento as might have been expected. 
Since this change of inclination is only a graphic ezpreesion of 
the relative volumes of the snccessive elements, it is dear that 
here also tiiere is a certain sequence in the arrangement 

The same peculiarity is traceable when it ia noted that 
electropositive elements occur on the descending branches and 
at the trooghs of Uie curve, whereas elements with places on 
the ascending lines on the right of each wave are electronegative 
in character. Thus if we know the atomic volumes of three 
successive elements and no more, we can still infer the character 
of the middle element in the trinity. 

Mendel^ was a firm behever in, the inhomc^neity of the 
elements ; but to Lothar Ueyer the existence of sixty or more 
entirely different forms of primordial matter seemed highly im- 
probabla^ In his view, there lay, below the range of atomic 
magnitudes, a series of smallu: particles from which the atoms 
were built up; so that he had evidently reached oat in his 
specnlatione toward the point to which modem experiment has 
Invught the chemist of the present generation. With this con- 
ception in his mind, Lothar Meyer regarded atoms as aggregates 
formed from one and the same type of material and differing from 
each other only in their masses ; and in the atomic volume curve 
we have an index of the influence produced by this change in 
mass.' When the problem is looked at from this point of view, 
the importance of the relationships illustrated above will be more 
clearly traceable. If, instead of "mass" we read "number of 
£ree positive charges in the atomic nucleus," we can convert 
Meyer's suggestion into modem language ; and in this form it 
will be found to provide fruit for considerable speculation when 
taken in conjunction with the characteristics of the atomic volume 
curv& No thorou^ attempt has yet been made to deal with the 
curve of atomic volumes from the standpoint of the electronic 
theory of matter ; and there seems to be little doubt that this 
field is a much more promising one than that oSered by the 
Periodic Table; Electronic functions must govern the j^ysical 
properties of matter as well as the chemical ones ; and in the 
■ Lotbu Uqrai, iioAtm ThMfiM 0/ Chtfmutry, IBSa, p. 118. 
■Lalhu Heyer, Jtmo^m (SuspL), 1670, 7, S68. 
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periodicity of the atomic volume curre thera is expressed a 
multitnde of peculiarities which offer a field of iuvestigaticm 
- ^^, wider \i^ far than that coutained in MendelSef a TaUe. 

-^: 6. TAe GetwraX Arrangement of the Periodic Table. 

The evidence brought forward in the foregoing sections 
proves that the Mendel^f Table not on]y suflfers from certain 

; s! drawbacks but is actually, in the case of the rare earth elements, 

. -^ irreconcilable with the known facta. It breaks down as certainly, 

though not BO extensively, as the old triad system of Doebereiner ; 
and jost as Uie triads marked a stage on the road toward the- 
Uendel^ef arrangement, the latter in its torn merely represents 
a step toward some wider generalisation which up to the present 
has 'eluded oar minds. While awaiting the revelation of this 

"•; futm-e classification, it may be worth while to examine the 

facts once more while tiying, if possible, to avoid being influ- 

< enced by Mendelief's views, 

/ In the first place, the atomic order of the elements must be 

retained in some form or other, since this evidently represents 

'^ their natural sequence Secondly, as far as possible, close re- 

semblances between sets of elements must be represented by ad- 
jacency in the arrangement ; whilst there must be a periodicity 
throughout the system. 

The following arrangement appears to bring t(^ther the 
greatest possible numbers of similar elements while separating 
from each other to some extent those classes which owe their 
resemblances to identity in valency rather than to actual like- 
ness in chemical character : — 



Li 

K Oft Sc Ti 
Rb 3r Y Zr 
08 Bft L«.^ 
Gd tT 
Lu Ct 
— B* Ao Tb 


He 
Be B N F Ne 
Mg Al SI P S 0) A 


jKb Mo - Ru Bh PdjSg Cd In Sn 8b Te I X 

Pr Nd - Sm EtJ 
TDv Ho Er Tm (7b 


Ku T 



In this arrangement, magnesium and beryllium are classed 
along with zinc, cadmium and mercoiy on the ground that all 

D,g,l,..cbyGOOglC 



THE ATOMS AND THE PERIODIC SYSTEM 363 

of these elements yield alkyl derivatives which are not formed 
by calciam, strontiam and barium. The rare earths are 
placed as shown, apon the grounds given in a previous section. 

An examination of this scheme will reveal several points 
of interest. In the first place, all the metals which yield 
coloured chlorides in their highest stage of valency are included 
within the heavy line ; so that these colorogenic elements form 
a compact group in the centre of the system. 

Again, the elements forming the A and B aub-gronps 
of the Mendel^f Table are here separated from each other 
and are thus allowed to manifest their individuality better 
than the Hendel^ef system permits. For instance, since arsenic, 
antimony and bismuth all form hydrides like nitrogen and 
phosphorus, it seems reasonable to classify these five elements 
toge^er whilst differentiating between them on the one hand and 
the Qon-hydride-fonning class of vanadium, etc., on the other. 
Again, the metals titanium, zirconium, etc., form no alkyl 
derivatives and are properly separated from carbon, silicon, 
germanium, etc., which do yield alkyl derivatives. 

When the electrochemical character of the elements is 
examined, it will be found that the arrangement given above 
brings out a peculiar relationship which is concealed if the 
Mendel4ef Table be adopted. Fig. 36 shows approximately 
the periodic variation of electro-affinity with the atomic weight.' 
The diagram is divisible into two halves (by an ordinate 
at 9) such that each is roughly symmetrical with the other.* 
The crossing of the four curves just beyond manganese 
finds its counterpart in the second crossing between 13 and 14 ; 
and the dip at chromium is copied in the second half by the 
summit between 12 and 13. At the two extremes lie the alkali 
metals and the halogens ; and the curve as a whole is approxi- 
mately represented in its rise and fall by the following scheme : — 

+ - + - + - 

which is obviously symmetrical about the cwitre. 

Finally, this scheme concords with the Curve of Atomic 
Volumes better than the Hendel^f Table can da A comparison 

' Uodiflad ttom Abegg, Zaittek. anorgan. Cfwtn., lOOi, 39, 867. 

* Thii is belt seen by jnuginiiig the Islt bkU of the ourre Tevohed tbiongh 
IBO' ftbont mn oidiDA(« M 9. In ita new pomtion Ihia h&If of the ourre Is ap- 
ptoiimktelj the mlnot-image of th« right-hand half of the oarre. 



D,g,l,..cbyGOOglC 



SOME PHYSICO-CHEMICAL THEMES 







//••• 1' 






® 




°i^v 


■ 










iijit 






5' ) 






■:/>:x 






■rtC"^ 












'^ 






;fe 




® 


/^' 






p 





Xq(U!ji>-0JKei3 JO »aj6»o • 



D,g,l,..cbyGOOglC 



THE ATOMS AND THE PERIODIC SYSTEM 365 

betweffli the above arrangement of the elements and Lothar 
Ueyer's Curve will show that the left-hand half of the linee 
corresponds to the descending branch of the corresponding wave 
in the curve ; whilst the right-hand half parallels the ascending 
section of the curva The breat in the arrangement at the rare 
earth el^taents has its coonterpart in the change of gradient in 
tiie curve at this point 

In addition to plane reisvaentatitxis of the Periodic System, 
various attempts have been made to express the relations between 
the elements by means of three-dimensional spiral modela> Of 
these the simplest is that suggested by Soddy * (Fig. 37). As can 
be seen &om the diagram, the A and B sub-gronpe are here placed 
<Hi opposite ^es of the axis ; and the sharp transition in pro- 
perties around the argon group is depicted by means of the peaks 
in the curve, whereas the gradual change in properties through 
iron, nickel and cobalt finds its parallel in the smoother transition 
at the lower parts of the diagram 

The form of table printed on p 367 is due to Schmidt.* 
Inspection will show that it is divided into four parts, each of 
which Schmidt r^ards aa a stage in the evolution of the elements 
from a primary material The Primaiy System contains (a) the 
"astronomical" elements, ve., those which we know only through 
certain unidentified lines in the stellar spectra ; (6) the so-called 
" proto-meials " of Lockyer,* which he supposes to be finer forms 
of the ordinary elements ; (c) hydrogea Thus in this arrange- 
ment hydrogen is not supposed to belong to the ordinary table 
at all but finds its place with the sidereal gases. 

In the SeccRidary System, the members show sharp chemical 
individuality, and they are divisible into two different electro- 
chemical groups with the inert gases interleaved between the 
positive and n^ative types. 

Fasfflng to the Tertiary System, the difierencee in electro- 
chemical nature between the elements become less marked than 
in the Secondary System ; the dear distinction between metals 
and non-metals disappears and all the members show some 
metallic properties. 

1 Ciookes, CiwiK. Ntmi, 1886, 64, 116 ; Traiu., 1888, 53. *8T ; BmrUni Mid 
Hftll, /. AmiT. Chtm. Soe., 1916, 38, 169. 

•SodAj, Ch^mittry oftht Badio^ltmmU, 1914. Put II., p. 9. 
' Schmidt, ZMisch. phunkal. CJttm., 1911, 75, 661. 
' 8m Lookyer. Inorgatue Evobiliim, 1900. 
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According to Schmidt, after the appearancQ of cerium, the 
evolutionary proceea progressed further in the some direction, 
so that there is a still closer approximation in properties among 
the elements of the rare earth group which forms his Quaternary 
System. 

The dotted lines in the table bring out another point apoo 
which Schmidt lays stress. In the centre of the Secondary 
System lie the inert elements, which form the transition &om 
the electronegative to the electropositive series. Corresponding 
to this in the Tertiary System is the triad grouping of iron, 
cobalt and nickel, along with their congeners. Finally, in the 
Quaternary System, Schmidt regards the terbium group of 
elementfi as forming a bridge between the cerium and ytterbium 
groups; so that the general principle is observed thronghoat 
the arrangement. 

The main defect of Schmidt's arrangement is that it throws 
no light upcm the rare earth problem ; for, aa can be seen &om 
the diagram, the ordinary sequence of the elements in the 
Secondary and Tertiary Systems continues normally even after 
the interposition of the Quaternary System. 

Schmidt's arrangement has been given here, however, 
mainly in order to show that there are still freah ways of regard- 
ing the Periodic Table ; and it seems likely that in the future 
something better than our present system may be discovered. 

7. 8v/rfaceB Re^emntiTig Periodic Propertiea. 

Two attempts have been made to represent the periodicity 
of elemental propertieB by means of surfaces. It is evident 
that any ordinary Periodic Table can be inscribed upon a plane 
surface, which leaves free the possibility of utilising a vertical 
co-ordinate to express a further property of the atom& 

Martin ' constructs a periodic surface for each separate ele- 
ment in the following manner : Suppose the surface for sodium 
is required. The ordinary MendelSef Table is plotted on a 
plane surface ; and then from the centre of each space a per- 
pendicular is raised the length of which is proportional to the 
affinity between sodium and the element corresponding to the 
space. The summits of all the perpendiculars are then united 
' HutUd, Bei#antk«i en th» AfflniUet of M« EltnenU. 
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{b} The Penodic Surface (aide view), 

Fig. 38, [3b/oMj.. 869. 
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to form a surface, which represents the relative mE^nitudes of 
the affinity of aodium for all the other elemeotfi. When affinity 
surfaces of all the elements have been prepared in this way, 
certain general characteristics are observed. For example, 
in the hali^en group ^ it is found that all four surfaces have a 
kinship in form. In each case the highest points in the sur- 
face occur over the alkali metals and the affinity decreases 
rapidly both in the direction of high atomic weight or electro- 
negative character (towards caesium or oxygen). The volume 
enclosed between surface and base diminiahea on passing down 
the halogen group from fiuorine to iodine. In the case of the 
last element, there is a marked increase in the altitude of the 
surface aroond oxygen, chlorine and bromine, owing to the 
amphoteric nature of iodine which is not exhibited by the 
lighter halogens to the same extent. 

In Stewart's periodic surface,^ the vertical co-ordinate is 
used to represent the atomic volume of the element; so that 
the surface gives a combined representation of the Periodic 
Table and the Atomic Volume Curve. Fig. 38 shows the 
model of the surface. 

8, The Possibility of a Wider Periodic Generalisation. 
The Periodic System has been examined and re-examined 
by so many minds that it now seems to have yielded as all 
the information to be derived from its present form ; yet in 
spite of this, it still remains a mere empirical rule which sug* 
gests nothing with regard to underlying causes. Even the 
discovery of the connection between atomic numbers and tbe 
electrical constitution of the atom has failed to throw any 
dear light upon tbe periodicity in properties of the elements ; 
for the analogies between atomic structure and the groupings 
of Meyer's floating magnets are not sufficiently close to be 
more than suggestive. If any advances are to be made in the 
study of elemental periodicity, it seems probable that they 
will come from a consideration of graphic rather than of 
tabular representations of tbe system ; since a curve or a 

' niuiliratioiiB of thMeara given in Friend's Textbook of inorganic Chrmutrj/, 
Vol. VIII., p. 17. 

*Btewui, Bteinl Advaneei in Phyiieal and Inorganic ClitmiMlry, 1920, 
p. 251. 

24 
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series of curves will often aoggest' relationshipe which are 
missed wbenthe data are expresaed in tabular form. 

The pioneer in this field was Emerson Reynolds.' His 
views should be stadied in the original papers ; but the fol- 
lowing summary of them will serve to bring out the main 
pdnts npon which he touched. 

The bases of his system are as follows : (1) He chose aa 
the foundation of his arrangement the atomic weights. (2) In 
the earlier sections of the system the elements fall into sets of 
seven, of which the first three elements are electropositive, 
the fourth is transitional and the last three are electronegativa 
The elements Na, Mg, Al, 8i, F, S, CI illustrate this point (3) 
In comparing period with period, the alternate members are 
those most closely related to each other. The meaning of tiiis 
is made clearer if it be pointed out that Reynolds here refers 
to the resemblances between E, Rb and Cs on the one hand 
and between Cn, Ag and Am on the other. (4) There are two 
fypes of transition in the system, the one being marked by the 
argon group and the other by the cases like that of Mn, Fe, 
Co, Ni, Cu, where no aln^pt change of electrochemical Eogn 
takes place in the series. 

In order to express these facts graphically, Reynolds had 
recourse to the analogy of stationary waves in a knotted string, 
such as are set up when one end of a light cord is attached to 
a large tuning-fork kept in continual vibration. The diagram 
at the end of the volume gives Reynolds' symbolic representa- 
tion of the elemental series. It will be noted that the elements 
in alternate periods are shown respectively as dots and crosses. 
Each knot in the cord is supposed to be travelling in a circular 
path at right angles to the axis of the whole Eastern. The 
lengths of the loops in the cord increase up to the sixth loop 
and then decrease again, as would be the case were a uniform 
cord vibrating in a medium of unequal density or if the den- 
sity of the cord were greatest at some point near the middle. 
An examination of the curve will show that the adjacent loops 
are in opposite phases ; and, further, that this difference cor- 
responds in the main to the difference between ascending and 
descending branches in the Atomic Volume Curve. 

Reynolds next dealt with the members of the Eighth Group 
' ReynoMa, Cft«m. Utiat, 1886, 64. 1 ; Tram., 1902, gl, 612. 
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of the Periodic Table. These triplets, according to their atomic 
wei^ts, should lie at nodes in the vibrating slnng ; but in 
actual fact they cannot be so placed, since they exhilnt chemi- 
cal affinity. Oa this account Reynolds was led to suggest that 
they are members of a new series related harmonically to the 
first, somewhat as shown on the diagram by the larger loops, 
on which the triplets are indicated by dashes. They are thus 
inUr^triod^ in a new sense of the word. 

With regard to the position of hydrogen, Reynolds found 
that when a node was produced in the cord at a distance of 
four units from the vibrator — corresponding to the position of 
heliom — the relation of loops and nodes was approximately 
that shown by the diagram ; and this leaves an unfinished 
loop between helium and the vibrator. On this loop hydrogen 
finds its natural place as the last member of a pre-helium period. 

Looking at tiie diagram as a whole, Reynolds drew atten- 
tion to the following points. There are three types to be dis- 
tinguished, to which he gave the names : — 

Orthoperiodic. — The members of the twelve minor periods. 

Macroperiodic. — The triplets about the antinodes of the 
greater periods. 

Nodal. — The inert elements. 

Broadly speaking, the scheme represents the atomic masses 
as forming part of a dual vibrating system, the two parts of 
which exhibit simple harmonic relations. Hydrogen is re- 
garded as belonging to both seriea In the nodal elements, 
helium also marks a point common to both systems. The oc- 
currence of neon instead of a triplet series may be accoQuted 
for by the difference between the transition F-Na and the 
tran»tions Mn-Cu, Mo-Ag and ?-Au. 

The assumption of macroperiodic vibration suffices to find 
a place for the triplets of the Eighth Qroup while still retain- 
ing them in the general bounds of the system. Reynolds, with 
careful reservations, suggested that the rare earth elements 
also belonged to the macroperiodic series. 

It will be seen that Reynolds' views offer nothing in the 
nature of an " explanation " of the Periodic System ; but they 
place the problem in a new light by Uie sifting out of the ele- 
ments into three possible series with certain harmonic relations 
between them, 

»i ' 
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In view of recent advances in oar knowledge, a second 
diagram has been placed alongside Reynolds' one ; and it may 
not be without interest to point OQt the difierences between 
the two. The atomic numbers have been chosen as a basis iar 
the new diagram, as the atomic weights have ceased to be of 
fundamental importance in schemes of classification. Inspec- 
tion of the diagram will show that it includes two short loops 
(each of which contains two tiny loops), two long loops, an 
extra long loop and a short loop. In s<Hne ways it ie an im- 
provement upon Reynolds' scheme, as it is more symmetrical 
in its arrangement of analogous elements: thus potassium, 
rubidium, and caesium appear at oorresponding points on the 
orthoperiodic curve ; the Eighth Group triplets also appear at 
equivalent positions on the macroperiodic line ; and the rare 
earth elements are accorded a place on a new and wider loop. 
Carbon and silicon appear as members of the macroperiodic 
system ; whilst beryllium and magnesium obtain places which 
differentiate them from both zinc and calcium. The general 
sequence of the elemental order is shown by the heavy tines 
running through the diagram. It will be seen that this re- 
grouping of the elements provides for the renewal of the 
ordinary periodicity after niton. 
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CHAPTER XX. 

SOUS VIBWS OP ATOmO BTRUOTURE. 
1, Introductory. 

LooKiNa back over men's idesa of the constitation of matter, 
it is impossible not to be Btmck by the fact that thronghoat 
the history of the sabject there has been a series of oscillations 
between two diametrically opposed fundamental views. On 
the one hand, a school has taught that behind all the differences 
in properties there is homogeneity ; so that matter in its multi- 
tudinous forms is actually built up from some material which 
is common to all substances : and the opposing school has al- 
ways maintained that at the root of things there lie more than 
one elemental material, so that matter cannot be reduced to a 
unitary form. 

In the very earliest speculations on the elements, earth, air, 
fire and water were regarded as the foor foundattoQ-stoDes of 
the onivetse : so that evidently the authors of this view took 
heterogeneity as their basis. Then came the alchemietical 
period, in which the idea of homogeneity appears to have 
gained the upper hand ; for unless the elements had some com- 
mon substratum, it is difficult to see how the transmutation of 
lead into gold could have been deemed possible. With the 
dawn of true chemistry and the exacter examination of chemical 
processes, the doctrine of heterogeneity took a fresh lease of 
life. The isolation of a larger number of elements, coupled 
with the determination of chemical equivalents made it seem 
doubtful if the idea of homogeneity could be maintained. 
KeverthelesH, with the propounding of Prout's hypothesis, the 
old doctrine reappeared once more to fascinate many by its 
simplicity ; bat again it fell into disfavour as a knowledge of 
exact atomic weights increased. At the beginning of the 
twentieth century, however, ,the inter-relation between the 
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forms of matter which we term elemeate was thrown into a 
new light by the discoveries in radioactivity. The disintegra- 
tion of radinm into helium and niton proved conclusively that 
the elements were not necessarily independent of each other ; 
for there was evidently a genetic relationship traceable be- 
tween some of them ; and the conversion of one element into 
another was definitely established. Further, from the same 
branch of research came the proof that electricity was inti- 
mately associated with the atom. 

In the field of energy, somewhat similar processes of evo- 
lution had occurred Tlie idea of discontinuity was involved , 
when heat, light, magnetism and electricity were all regarded 
as different properties of matter. Then, step by step, came the 
recognition of the identity of heat and light, of the relations 
between magnetism and electricity ; until the coping-stone was 
set in place by Clerk Maxwell's electromagnetic theory of light. 
Again, in the older view, radiation was assumed to be a con- 
tinuous process ; whereas in more modem times Planck's hypo- 
thesis has been accepted in many circles and the idea of a 
discontinuous mode of radiation has been found to solve certain 
problems which previously had oflFered difficulty. 

In the present chapter, the main concern is with matter ; 
and it may be well to refer briefly to some of the older ideas 
of atomic structure before dealing with more recent views upon 
the subject. It must be remembered that in pre-radioactivity 
days, the fundamental problem before the constructor of model 
atoms was to provide a system which would be perpetually 
stable. This Kelvin attempted to do in bis hypothesis of 
vortex-atoms. By assuming the formation of vtniices in a 
frictionless ether, he was able to attain the indestructible 
machine which the atom then appeared to be ; and on bis view 
matter was simply a series of vortex-rings produced in an 
ethereal medium. From the purely chemical standpoint, it 
must be admitted, tbi8.hypothesiB was of very little assistance ; 
and with the discovery of radioactive disintegration it seems to 
have lost its value even upon the physical side. 

The same may be said of the ether-squirt hypothesis of 
Karl Pearson.' In Pearson's view, matter is merely a swiftly 
flowing current of ether. Just as the jet of a fire-hose, though 
' FNtraoD, The Grofnmar of Seitnet. 
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compoeed of a liquid, has some of the properties of a solid — it 
behaves like a solid when struck — so Pearson assumed that a 
jet of ether travelling at high velocity would take on the sem- 
blance of matter; and be suggested that from outside the 
known Univerae ether was being poured out under high pressore 
through a serieB of "squirts" and removed throu^ a series 
of "sinks". Each " sqtdrt " and "sink" would represent what 
we term matter. Here again, it will be seen, the chemist gets 
but little help in the problems which confront him 

Another suggestion was made by Oebome Reynolds,' whidi 
goes by the name of the "dilatancy" theory of matter. 
Beynolds boldly inverted the ordinary relations of matter and 
ether and regarded the fcumer as being a series of pores or 
holes in an immensely solid ethereal medium. Here also, 
there is Httle that chemistry can utilise to solve its difficulties. 

Finally come the modem electrical theories of matter with 
which the following eecUona will deal. But before entering 
upon the discussion of them, something must be said with 
regard to the general question. It cannot be too strongly 
emphasised that at the present day the problem of atomic 
structure is being approached from two different directions, 
the physical side and the chemical aspect. The physicist is 
concerned entirely with the physical properties of matter such 
as spectra, electrical behaviomr, etc. He has no concern with 
and takes httle mterest in the chemical properties which matter 
exhibits. The result of this is that the model atoms devised by 
physicists are not directly applicable to chemical problems, 
thou^ they are of chemical interest to some extent Again, 
the physical model atom is generally constructed with a view 
to harmonising with certain quantitatiTQ experimental results, 
whether these be obtained in the field of radiation or in branches 
concerned with electrical properties ; and it has thus taken on 
a mathematical aspect. On the chemical ude, however, these 
quantitative meaaurements are still lacking to a great extent ; 
and therefore the chemist's model atom is very much less amen- 
able to quantitative treatment. Further, since a true " chemi- 
cal " model atom is first and foremost concerned with chemical 
IHY>pertiea, which are not yet standardised, it is rather absurd 

' Oebome Bejnoldi, CoOteUd aetmtific Paptrt. 
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to demand that such a " chemical " atom should yield qnanti- 
tative mathematical resolte like the " physical " model atom 
which is designed specially to concord with pnrely physical 
measurementa. Those who imagine that the chemical model 
atom ia inferior to the physical model, because it cannot be 
handled mathematically at this stage, might ask themselves 
with acme profit whether the physical atom has thrown very 
much light apon our chemical problems; or whether it is 
not actually the fact that when the physical atom is tested by 
chemical phenomena it fails jnat as conclusively aa the chemical 
atom does when it is transferred to the physical arena. 

The truth ia that each type of model atom is devised to 
suit certain parts of the whole subject ; and l^t we are at 
present unable to suggest any model which will fulfil both the 
physical and the chemical demands simultaneously. It is no 
discredit to the physical atom that it fails in the chemical 
field ; nor is it to be wondered at if the chemical model breaks 
down on the physical side. We are probably still far from the 
point at which the two branches will fiow together ; and from 
the chemist's point of view, the chemical model atom is the 
more promising of the two, since it at least attempts to deal 
with the problems which confront him. 

2. So?»« Points in our Knowledge of A tomic Structure. 
Before entering upon a discussion of the model atom, it 
may be well to collect together the main pieces of information 
which have been acquired with regard to atomic structure in 
general ; and this may most conveniently be done by propound- 
ing a set of questions and giving the answers to them which 
are suggested by researcL 

1, Is the atom purely material in nature or does it contain 
electricity t — In the case of the radio-elements, electrical 
charges are spontaneously ejected from the atomic syetem 
during disintegration processes ; and this seems to establish 
definitely that atoms are built up in part at least from electrons. 
Since normally the atoms of the elements are electrically 
neutral, it is evident that the positive and negative charges in 
them are equally balanced. 

2. Is the negative electricity in the atom uniformly die- 
tributed through the atomic system or are there two or more 
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main eoncentratioru of it in the atomic structv/re t — When a 
radio-element ejects a negative electron in the form of a /?-ray, 
the valency of the element becomes increased by one nnit. 
The same increase of one unit is observed when an ion nnder- 
goes oxidation, aa in the passage from ferrous iron to ferric 
iron ; and thus the question above corresponds to the inquiry 
whether or not the electron of the ^-ray change comes from 
the same part of the atomic structure as the electron which ia 
displaced in valency changes occurring in ordinary chemical 
reactions. At the suggestion of Soddy, this point was investi- 
gated by Fleck,* who established conclusively that the point of 
origin of the 0-rs>y electrons was not the same as that at which 
the valency electrons originated. 

Fleck's investigations were based upon the following 
reasoning. By a sequence of two jS-ray changes involving the 
loss of two electrons, the quadrivalent element uranium-Xi is 
converted into the hexavalent element uramum'2. A parallel 
to this is furnished by the conversion of a quadrivalent uranous 
ion into a hexavalent uranyl ion. In both cases, the material 
gains two positive charges as the not result of the process. 
Now uranium'2 is isotopic with uranium-l (ordinary uranium) ; 
and is therefore chemically inseparable from the latter. There- 
fore, if the /9-ray change and the ionic change are similar in 
nature, the two starting sahetancea also should be isotopic with 
each other and inseparable by chemical methods. In other 
words, a nranoua salt and a salt of uraniiun-X, ought to be 
chemically inseparable. 

Quadhvalsnt. Hsuivftlent, 

ionic otauise 
Th 
It was not necessary to examine uranium-X, itself, since any 
of the isotopic elements of this set would do as well Fleck 
chose thorium as the test substance ; and he was able to show 
that although thorium and uranoos uranium are very closely 
akin chemically, they are none the less separable from each 
other. This proves that they are not isotopic ; and that there- 
fore qoadrivalent uranium and uraniam-Xj are not isotopic 
> Fleok, Trant., 1914, 100. 217. 
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with eftch other: from which it follows that the chsngea 
resulting from j3-ray emission and ionic variation are not 
identical processes. But since the electrons are idenidcal in 
boUi cases, the only difference between the two processes most 
lie in the points of origin of these electrons — which established 
the fact that there are two different groups of n^ative 
electrons in the atom. One of these contains the electrons 
taking part in ionic changes; the other group emits the 
electrons which form /9-ray9. 

3, Tb the jxmtive cha/rge of the atom eoncentrcUed in one 
spot or is it disivUmted uniformly throiLghout the aystemt — 
This qaestion finds its answer in the results of some experi- 
ments upon the scattering of o-particles by metallic atoms.' 
When a stream of o-partictes is allowed to pass through a thin 
sheet of metal, it is found that some of them are stopped 
entirely or are defiected from their original paths. This 
pheiKHnenon is termed scattering. Calculation establishes the 
chance of the particles pasidng through the interstices between 
the molecules of the metal ; and from the results of experiments 
it must be inferred that these chai^^ helium atoms in many 
cases actually traverse the atoms of which the metal sheet is 
composed. The deflections must therefore be regarded as being 
prodaced, not by atomic collisions, but by the action of elecbical 
charges within the atomic structure. 

Now, from the magnitude of the deviations obeerved, it is 
clear that a strong force is at work ; and this force can hardly 
be supposed to reside in the negative electrons ; since their mass 
is only about one seven-thousandth of that of a helium atom 
and if any measurable deviation took place it would probably 
be that of the negative electron by the a-particle and not vice 
versd. It was therefore assumed by Butherford that the 
deflection of the a-particle was due to the repulsive action of a 
targe positive charge situated at the centre of the atom, as 
shown in Fig. 39, Here it will be seen that (I>, the deflection <A 
the particle by the negative electrons is slight, whereas (11), the 
positive nucleus of the atom exerts a very powerful effect 

This hypothesis of a central positive nucleus has been found 
to be in agreement with the results of experiment ; and calcu- 
lations made from observations on gold sheets go to prove that 
■ See Butlieifoid, BadioaotiM SubtUmoes, 1913, pp. 180, 618. 
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the Dumber of positive charges in the nucleua of the gold atom 
is aboat half the atomic weight aod is eqaal to the atomic 
Qtimber of the element which acts as a scattering medium. 
According to Rutherford's views, the whole mass and the 
positive charges of the atom are concentrated within a sphere 
of radius not greater than 10 '* cms. 

4. /s fAere onjf relation betvxen the nuvnher of positive 
charges in the atomic nucleua and the atomic nwmber of the 
element f— As has just been pointed out, the atomic Dumber 
appears to be equal to the number of positive charges grouped 
together in the atomic nacleus. When an atom loses two 
positive charges on the ejection of an a<particle, its atomic 
number is reduced l^ 2. 



5. Are there any traceable differences between positive 
and negative electricity with respect to matter t — Negative 
electrons are known to exist apart altogether from matter — e.g., 
in the cathode rays — but positive charges have never been 
detected except in presence of matter. It seeme clear that 
mass and positive alectricity are closely related to one 
another. 

6, h there amy permanent connection between the positive 
and negative charges within the atomt — Apparently the 
positive and negative charges can act entirely independently of 
each other; for in the radio-elements it has been found that 
disint^ation may take place by : (I) the ejection of two positive 
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ch&i^ea with the a-particle; or (2) by the loaa <A a negative 
electron in the j3-ray ; (x (3) the same element may disintegrate 
aimultaneously in two different ways, losing an a-particle in the 
one mode and a y9-eIoctron in the other. No case is known in 
which an atom parts eimultaneously with positive and negative 
chai^ 

7. Apart from their points of origin, is there any differ' 
ence between the electrons involved in ionic chctngea aitd 
thoK ejected during fi-ray diaintegration t — It is obvious that 
there is a profound difference between these two, since the 
"i(mic" electrons are readily removed &om or re{daced in 
position by ordinary chemical action, whereas the electrws of 
the (S-rays are spontaneoualy and uncontrollably driven out of 
the atom and cannot be brought back to their pcnnt of (H'tgin by 
any forces at our disposal Further, the ejecti<Hi of a /9-ray 
electron causes a change in the atomic number, whereas the loss 
of an "ionic " electron, though it produces a change in chemical 
properties very similar to that involved in the Iobb of a j8-ray, is 
not quite so definite in its effects and it produces no alteration of 
the atomic number. 

8. Is the atomic weight the governing factor in elemental 
character? — Since several elements are known which have 
different atomic weights and which are yet chemically inseparable, 
it is evident that the atomic weight and the chemical properties 
of atoms are not interdependent This is confirmed by the fact 
that certain elements having identical atomic weights show 
totally different chemical propertiea 

9. Ta there any connection between spectra and atomic 
etractv/ret — The facts given in a previous chapter show that 
there is s simple relation between the frequencies of some of the 
X-ray spectral lines and the atomic numbers ; and there is a 
kinship between the spectra of elements of the same family 
which also appears to be related to atomic architectura 

The facts mentioned in the foregoing -paragraphs show how 
complex a problem presents itself to the designers of model 
atoms ; and it is almost unnecessary to say that no perfect model 
has yet been su^ested. In the following sections a description 
will be given of several attempts which have been made to 
attack the problem ; but the reader should bear in mind in each 
case how very partial is the success achieved. 
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3. Drawbacks of a Satv/mian Atom. 

By a Satumian atom ia meant one in which negative 
electrons revolve in co-bite around a central positive nucleus, just 
as the bodies malcing up Saturn's rings revolve around the 
planet When this conception is applied to atomic structure, 
it ia almost self-evident that two difficulties are immediately 
encountered. 

In the first place, Rutherford has shown experimentally that 
the positive nucleus of the gold atom, for instance, contains 
some seventy-nine positive charges so closely associated that they 
all lie within a sphere with a radius of 10"" cms Now, under 
ordinary conditions, two positive chaises repel each other; so 
that the cohesion of Uiese aev^ity-nine charges is not compatible 
with well-known phenomena. It is clear, therefore, thai in 
order to conceive the existence of Rutherford's nucleus, we must 
be prepared to make the assumption that at extremely small 
distances, two similar chargee do not repel each other bat actually 
tend to draw together. There is, of course, another hypothesis 
which would serve the purpose. Since mass and positive 
electricity are apparently associated, it seems probable that the 
whole mass of the atom is concentrated in the tiny nucleus ; 
and this would imply that the material of the nucleus was of 
enormous density, far exceeding anything with which we are 
acquainted. With this enormous concentration of mass in the 
positive electrons and with very small distances between the 
particles, it is clear that the gravitational forces in the system 
would be greater by far than anything known outside the atomic 
world ; and it might be assumed that these gravitational 
attractions were su£Bcient to hold the particles of the nucleuB 
together in spite of the repulsive- forces between the positive 
chargea This matter, however, ia one of pure speculation at 
present 

The second difficulty involved in the Satumian conception 
of the atom lies in the fact that any such model atom would 
radiate energy continuously and would thus eventually "nm 
down". Not only so, but since an atom of this type would 
be losing energy uniformly, it would radiate a continuous 
spectrum. Here the Satumian idea, in its simplest form, is 
in direct conuiot with experimental evidence^ Hydrogen, 
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for ezunple, does not radiate a continaons spectmin at all 
timea It emits a apectrum only when it ia ioniaed by an 
electric cnrrent ; and this Bpectmm, when emitted, ia not a 
coutinuoUB one but ia a diacoDtinaoas line apectrom in which, 
as has been pointed oat in a previous chapter, the freqaenciee 
of the linea are related to one another in agreement with 
the expression — 






in which v = frequency, N - constant, », = 2 for all linea 
in the viaible spectrum and n, is successively 3, 4, 5, 6. ... 

From these facts it is dear that in order to make the 
Satumian form <^ atom fit the case it must be considerably 
modified by further postulates, so as to evade the difficulties 
which beset it in its simplest guiae, 

4 Bohr's Atom, 

A model atom which has attracted a considerable amount 
of attention was suggested by Bohr.* It was originally de- 
vised to deal with the case of a single electron revolving 
around a positive nucleus — the case of the hydrogen atom — 
but it has been applied to m<Hre complex systema also, though 
the results in this case are by no means so successful. 

Bohr makes three assumptions : — 

1. If an electron rotates aioond the nucleus of an atom, 
it may do so not in one fixed oibit, but successively in several 
difierent orbits, springing from one orlut to the other from 
time to tim& 

2. No radiation occurs while the electron ia confined to 
one orbit ; but when it jumps into a fresh orbit, then radiation 
takes place during the tranaitioa 

3. The various possible circular orbits of an electron must 
fulfil certain conditions. 

It must be pointed out that Bohr's atom depends upon a 
fusion of NewtcHiian dynamics with the quantum thecay of 
Planck, which certainly appears a curious mixture. However, 
it may be well to show briefiy how this fusion works ; and 

' Bohr, Phii. Mag., 1913, 86. 1, 176, 867 ; ISIB, 29. 332 ; igiC, 30, S^- 
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this can beet be done by takiDg each of the asaumptioiiB in 
turn,' 

1. In each of its possible orbits, the rotating electrtm is 
asanmed to be governed by the ordinary Newt(Buan lav, which 
in this case takes the form — 

^ = (27m)««ia . . . . (1) 

where e « the charge on the electron ; E — the chai^ on the 
QQcleiis ; a •■ the radios of the cn-lMt ; n — the orbital frequency ; 
and m — the mass of the electron. 

% Radiation occurs only when the electron jmnps from 
one orbit to another. If A^ represents the energy of the 
electron in one orbit and A, re^H'eflents its energy in a second 
orbit, then obviously the amount of energy radiated is Aj - Aj. 
Now this enei^ must be radiated at a certain frequency, say 
»; and Bohr, introducing Planck's constant, fc, obtains the 
foUowing expression: — 

A*. = Ai - A, . . . (2) 

3. The limitations mentioned in the third assumption are 
arrived at in the following way : Bohr assumes that the 
vanons possible circular orbits of the electrcm are determined 
by assigning to each orbit a kinetic energy T such that — 

T = irAn . . (3) 

in which t is an integer, n is the orbital frequency and h is 
Planck's constant The value of T is chosen so as to make a 
aeries of frequencies agreeing with that which is actually ob- 
served in the hydrogen spectrum (the Balmer series). 

Now, in order to test the validity of Bohr's conception, 
the value of the constant N may be calculated from his as- 
sumptions and the result compared with the value of N ob- 
tained experim en tally. The calculation is a simple ona We 
have, from Bohr's first assumption, equation (1) — 

^ i = (2wn)» . 7?ia . . (1) 



> MlUikan's treatment of the qaetlion (TTm SUefron. Chapter IX.) hu 
beeo DtiUMd here, m it preientB the matter in ita limplast fonn. 
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Now, the kinetic energy of the rotating electrcm is im(2imay ; 
and from (1) we obtain the equality — 



The work required to move the electron from its orbit to t 
position of rest at infinity is given by — 

If this value be called T, then — 

. eE . Tl^2" 

2a - Tp- and n -^ 



f ircE^m 

Combining this result with Bohr's third assumption that 
T - ^Thn we obtain the e 



Now, during a change of orbit, energy is radiated which can 
be expressed thus — 

T - T - ^^y ^Y ^ - ^) 

Putting this as equivalent to hv, we obtain — 



■K.7-,7) 



where N ■= — rs 



In the case of hydrogen, since there is one negative charge 
and one equal positive charge, « - E ; and the ex|x-eHBi(«i 
simplifies to—- 

VT 2iT*me* 

= Tj 

This equation gives the calculated value of N ez^ffeeaad in 
terms of e, m and h. Millikan' has determined the value 
of e to be 4774 x lO'"*; and his determination* and that of 
Webster* for Planck'sconstantgivea mean 6gure€'645 x 10-" 

1 MUUkui, Proe. Not dead., kpra, 1917. 
■ Uilliku), The EUetrim, 1931, p. S8T. 
• Web«Ur. Phj/i. B*p., 1816, 7. 699. 
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Bucherer has found that ejm has the valne 1'7€7 x 10^. 
Usiiig tiiese figares in the equation above, the calculated 
value of N ia found to be 3-294 x lO*'; whilst the valne 
actually obaerved hy experiment is 3*29 x 10". The agree- 
ment betwe^i practice and the Bohr theoretical value is within 
O'l pw cent ; which certainly j^ovidee striking support to 
Bohr'B ideas. 

When various integral values are assigned to r, and putting 
T, - 1 it ia possible to calculate the frequencies of the various 
lines in the hydrogen spectrum with great accuracy. 

The foregoing will suffice to give some idea of the Bohr 
model atom and the reaacning upm which it is foonded. 
Clearly it gives remarkably good results in the case of the 
hydrogen spectrum ; but in the case of more complex systems 
such as helium and lithium, it does not fare quite so well. 

On the purely chemical side, however, with which we 
are mainly concerned, it is almost valueless ; for it throws 
no light whatever upon our particular problems, apart from 
spectroscopic affairs. It leaves the Geld of radioactive change 
quite unillumiuated ; and in ordinary chemical reactions it 
fails to help us at all Indeed, if Bohr's ideas be appUed to 
certain chemical questions, they seem to lead on to inferences 
which are not in accordance with facts. For example, Bohr 
regards radiation as being produced by the "jump" of an 
electron from one orbit to another during ionisation; but no 
radiation phenomena have been observed in the case of the 
ioniaataon of acids in solution, though here the elecbxmic 
"jump" is 80 great that it actually ends in the complete 
removal of the electron of the hydrogen atom outside the 
atomic system altogether. Similarly, when a hydrogen ion 
touches the electrode and picks up an electron, one would 
expect to find that as this electron settled down in the atomic 
sbiicture it would give rise to radiati<»i ; for it can hardly 
be supposed that it iramecHately sinks into a stable orbit. 
Yet no such radiatitm seems to have been obaerved. 

The Bohr atom, then, ia of physical but hardly of chemical 
interest at the present time ; and it seems unlikely to tiirow 
much h^t upon the matters which are important to the 
chemist. 

25 
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5. iHdu^Bon'a Atom. 

The model atom of Nicholson ' differB from that of Bohr in 
that it demands only the classical mechanica and does not require 
the application of the quantum tiieory. It would occn[^ too 
mnch apace if Nicholson's calculations were given ; and it will 
he beet to confine the treatment to a summary of the main ideas 
involved in his conception In the first place, he differs entirely 
irova Bohr in his views on the origin of the eneTgy which appears 
as radiatioa Bohr assumes this to arise through a gradual 
settling down of the rotating electrons of the atom into a stties 
of orbits, the settling-down process being accompanied by the 
radiation of energy. Nicholson, on the other hand, retards 
radiation as being the result of external forces acting upon the 
atom and producing changes in the motions of its component 
electrona 

In the Nicholson atom, the electrons are conceived as rotating 
steadily in a ring about the nucleua The inQuence of external 
forces then tends to make them undergo a fresh type of vibration, 
this time perpendicular to the plane of the ring. This hypothecs 
obviously entails the conclusion that the character of the vibrating 
system depends upon the number of electrons in the ring. For 
example, the ring may vitorate as a whole, always remaining 
parallel to its original position ; or it may vibrate in halves, so 
that two nodes and two crests travel round the ring. On these 
assumptions, Nicholson was able to calculate the ratios of the 
wave-lengths of a series of lines in a spectrum and thus, by 
assuming the wave-length of one particular member of the series 
he was able to predict the wave-length of the remaining lines in 
the series. 

When the results calculated by Nicholson were tested by 
comparison with observed results, a moat surprising series of 
successes came to be recorded. For example, the element 
nebulium is known only throu^ the fact that lines ascribed to 
it occur in the spectra of certain nebulse. Nicholson applied his 
theory to this case and was able to show that he could account 
for all the lines except two, which did not fit in with his w<n-k. 
At that time, Wolf was engaged in the examination of nebular 
spectra ; and he observed that in the case of the ring nebula of 

> NioholBon, MotUh. Not. Boy. AttrtM, Soe., 1911, 72, i9. 189, 677, 739 ; 
1912, 73, 882 i 1918, n, 901. 426, 486, 623. 
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Lyra some of the nebuliom lines are emitted by the interior of 
the nebula, others by its exterior, which shows that the so-called 
"nebolium spectrum" ia really a oompoBite of two spectra. 
More wondwful still, the two lines which Nicholson found to be 
anomalous are the very lines which are thus shown to be alien 
to the tfue nebnlimn spectrum. This fumishee an eztraco'dinary 
support to the Nicholson theory. 

Again, Nicholson, from his calculations, predicted the occur- 
rence in the nebulium spectrum of a line at wave-length 4352'9, 
which had not been observed up to that tima An examination 
of the old plates of the lick Observatory showed that there 
was actually a line at this point, though it was so faint that it 
had escaped notice until attention was speciScally drawn to its 
positioa 

Still further, Nicholson has been able to show that his system 
agrees with twenty-one out of twenty-seven lines in the spectrum 
of the solar corona ; and he has applied it also to the case of the 
Wolf-Rayet stara, which are supposed to represent the primary 
stage of stellar evolution. He has been able to calculate the 
probable atomic weights of materiab which on his theory lie 
between hydrogen and helimn in (he elemental series in the 
following manner: — ■ 

He assumes that the mass of an atom (aa determined by its 
inertia) must be equal to the sum of the inertias of all its positive 
and negative charges ; and since the mass of the negative charges 
is veiy s%ht, they may be omitted from the calculation 

Let r - radius of the positive nucleus of the atom and let 
e - charge on an electron. If there are n electrons in the neutral 
atom, there must obviously be n positive charges present ; and 
the total charge on the nucleus will be ne. The inertia of the 
nucleus (and therefore of the whole atom) will thus be n'^'/r. 

Now aasume that the positive charge is uniformly distributed 
throu^oat the volume of the nucleus. Since this volume varies 
with ne, we have 

^Trr* = Ken 

and since tt and e are constants, this becomes r" = Kn or r - Kn*. 
Substitute this value of r in the expression n*e*jr and we 
obtain : — 

= KV»^ 

■3* 
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Hence the inertia — which can be regarded as a measure of the 
atomic weight — is proportional to » where n is the number of 
negative charges in the atom. 

Now Nicholson assumes that bydrc^en contains in its system 
three negative and three positive charges, which leaves systems 
of 2, 4 and 5 chai];es to reiHeaent other elementa Taking the 
value of n in each case, Micholstm obtained a series of numbers 
which ^ve the ratios betweoi the atomic weights of the various 
elements ; and since the atomic weight of hydrogen is 1 -OOS, the 
atomic weights of the remainder can be calculated by simple 
[ffX)portian: — 



. 


Blemort. 


v^. 


Atomio Wd^t. 


s 

3 

4 
S 


Protoflnorine . 


3-1718 
6-3I0S 
M-079 
11-630 


0-61389 
1-008 
1-6281 
a-3615 



On the basis of these hypotheUcal atomic weights, Nicholson 
then made a further advance ; though it is doubtful whether his 
results in this new field can claim the same importance as his 
previous ones. He r^ards the atoms of the more complex 
elements as containing as constituents the attuns of lighter 
elementa For example, the helium atom be assumes to be 
built up from one atom of nebuhtun and one atom of proto- 
flnorine ; whilst neon is composed of dx protofiaorine atoms 
plus six hydrogen atoms : — 



Atomic waight of helium = S-99 



Atomio ne^ht o( n 



In view of the work of Aston ^ on mass-spectra, however, it 
seems doubtful whether sach attempts at atomic architecture 
can be regarded as satisfactory at the present time. For 
example, Aston has shown that isotopic with neon there is 
another gas meta-neon with an atomic weight 22. If this be 
supposed to be built up like neon, it must contain two extra 
h^lrogen nuclei or possibly an extra nebulium nucleus ; but the 
> Aerton, Satw*. 1919, lOi 993 ; 1930, 106, 8 ; FhU. Mag., 1930, 38, 149. 
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atomic architecture certainly gives ub no cine to the identity o£ 
the two materials as far as chemiatiy goea 

Harkins and Wilstm ' have attempted to produce an atomic 
architecture on Nicholson 'a lines ; hut their method results in 
the conception that both argon and calcium are built up from 
ten helium atoms, while no satisfactory explanation ia given 
of (he total chemical dissimilarity between tiie two systems 

It seems probable that at the present stage of our knowledge 
we can do little to throw light upon atomic architecture ; and 
we mnst wait for farther developments in this field. 

6. The Lewia-La/ngmvA/r Atom. 

In the foregoing sections, the two most successful physical 
model atoms have been described ; and it cannot have escaped 
the reader that, though they are interesting from the spectro- 
scopic standpoint, their possible application to the problems 
of pure chemistry is practically negligible. They throw no 
light upon the fundamental questions with which chemistry is 
concerned ; and in the field of valency especially they appear 
to be incapable of yielding anything whatever. 

It seems therefore desirable to torn to the suggestions of 
chemists with regard to atomic structure and to see whether 
more light can be gained in this way. The chemical model 
atom, being devised to account for a set of phenomena of ranch 
wider soope than the physical model, ia naturally at present in 
a more or less tentative stage ; and to demand qoantitative 
spectral results from it is to misnnderstand the state of afiairs. 
Our model atoms must be judged entirely from the chemical 
standpoint ; and if they are successful in accounting for the 
phenomena of chemical relationships and reactions, they have 
fulfilled the object in view of which they were devised. 

Now upon this basis, it is evident that there are two possible 
modes of procedura The model atom may be regarded as a 
static system or as a dynamic arrangement of electrons. It 
will be simplest to take up the static idea in the first place 
and to deal later with the dynamic suj^estions which have 
been proposed. 

The moat successful statical atom was suggested \(y 0. N. 

' Hukliu and Wilwiii, /. Am*r. Chtm. Soe., 191S, 97, 1383. 
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Lewis ' and elaborated by Laagmuir.* Aa Langmnir's paper 
would loae so much by condeosation, it will be best to confine 
attention to Lewis' views and to refer the reader to Langmnir'a 
original paper for farther information. 

According to Q. N. Lewis, every atom contains a kernel 
and a shell. The kernel is uninflaenced by ordinary chemical 
changes and possesses an excess of positive charges equal in 
number to the ordinal number of the group in the Periodic 
Table to which the element belongs. The number o£ negative 
electrons in the shell may vary on account of chemical changes 
between and 8. The atom t«ndB to retain in its shell an even 
number of electrons and espedally to h(dd eight electrons, 
which are assumed normally to be situated at Uie comers of an 
imaginary cube. 

It is assumed by Lewis that the atomic shells of two atoms 
are mutually interpenetrable and that electrons may pass 
readily from one position of the shell to another. The crux of 
the hypothesis lies in the assumption that one electron may 
occupy simultaneously the comers of two cubes if they be 
brought into superpositioa By a further superposition, two 
pairs of comers may be superposed on <m% another and thus a 
second electron will become common to both systems. In this 
way single and double bonds are represented. 

As Lewis shows, his model permits a distinction between 
certain types of bonds ; and differences in reactivity are thos 
expressed. Finally, if it be assumed that the electrons in the 
shell are free to move along the edges of the cube toward the 
middle of the edge, an electronic grouping is obtained which 
corresponds to the van't Hoff-Le Bel tetrahedric arrangement 
about the carbon atom. 

From the foregoing, it will be seen that Lewis depicts the 
valency side of the atom as a static arrangement in which the 
valency electrons are grouped in fixed positions around the 
nucleus. The main drawback of such a conception is that it 
fails to account for the influence of a change of valency upon 
the absorption spectra of compounds. For instance, IJie ferrous 
iron is green whilst the ferric ion has a deep yellow tint ; and 
since absorption spectra are produced by the absorption of 

' G. N. Uwis, J. Amer. Chem. Soc., 1916, 3S, 762 ; Seiene», 1917, 46, 297. 

■ Langmuir, J. Amer. Chem. Soc. , 1919, U. IMS ; 1920, H, 371. 
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vibrations of certain periodicities, it is clear that the mode of 
vibration in the ferrous ion mast be different from that of the 
ferric ion, since they absorb light of different wave-lengths. 
This seems to necessitate (he idea (hat the valency electrons 
are not absolutely static but have certain definite vibration- 
periods. Thus Lewis' model, in order to be brought into con- 
formity with our knowledge, requires the further assumption 
that the valency electrons of the shell ara not fixed but are 
vibrating about mean positions and that the frequency of this 
vilvation altera when one or more electrons are removed from 
Uie aystem. If this modification were introduced, it seems 
possible that Lewis' atom might help us toward an explanation 
of the work of Crymble upon the absorption spectra of ions.* 
Langmoir's development of the Lewis' atom is baaed upon 
three main assumptions : (I) The electrons round the nucleua 
are arranged in aucceaaive aheatha with the following numbers 
in each : 2, 8, 8, 18, IS and 32, corresponding to the periods 
of the table. (2) Two atoma may be coupled together by one 
or more dopleta held in common by the completed sheath of 
the atoms. (3) The residual charge on each atom or group of 
atoma tends to a minimum. 

7. Noyes' Atom. 
Passing from the static conception of the atom to dynamic 
systems, the model atom proposed by Noyes ' is the Srst which 
need be described. He assumes that atoms are built up from two 
sets of negative electrons : (I) those attached permanently to the 
positive nucleus and (2) those which are free to wander from 
atom to atom When two atoms capable of chemical union are 
brou^t into close proximity, Noyes suggests that a valency 
electron rotating around the positive nucleus of the first atom 
may find the positive nucleus of the second atom so close to it 
that it falls under the simultaneous influence of both positive 
nuclei and proceeds to describe a new orbit around the two centrea 
This orbit will lie within the sphere of action of both positive 
nuclei and in one portion of its path the electron will pass within 
the ccmfines of the first atom, whilat further on it will enter the 
boundary of the aecond atom. As a result of this, there will be 
a steady alternation of electrical character in both atoms, for 
»8ee p. 87. 'Noyea, J. jttittr. Cktm. 8oe., 1917, SB, 879. 
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when the electron leaves its ori^nal atom aud pftasee into the 
second Btotn, the latter will hecome negatively charged whilst 
the first atom will acquire a positive charge. A return of the 
electron along its orbit into the fiist atom results in electrical 
nentnility; and during this period the two atoms might fall 
apart, since they are no longer attracted toward each other. 
When ioniaation occurs, Koyes assumes that the electron per- 
manently leaves the first atomic system and revidvee exclusively 
about the positive nucleus of the second attna In this way the 
original atom acquires a permanent positive charge and bectxaes 
a cation, whilst the second atom, in virtue of its extra electaron, 
is negatively charged and acts as an anion. If it be assumed 
that there are four or eight positive nuclei in the carbon atom, 
Noyee' hypothesis serves to account for the tetrahedral grouping 
fouiid in optically active carbon compounds. 

The moat interesting and suggestive application of Noyes' 
hypothesis is to be found in the case of monomolecular reactioos. 
It is not too much to say that when our knowledge of this 
field has been perfected, we shall be on the edge of under- 
standing the mechanism of all chemical reactiona The point is 
worth developng in some detail, since it is usually passed over 
very lightly in most worka 

In a monomolecular reaction, whether it be (me of intrs- 
, molecular rearrangement or of decompositicm, a oertain fixed 
prqxn-tion of the material undergoes change in a fixed time. 
This can be accounted for only by the assumption that each 
molecule pasaee periodically throu^ a conditi(Hi of instalnlity, 
during which it is liable to break up entirely (as in a decompoai- 
tiou reaction) or to break np and reform again into a new 
structure (as in intramolecuW change^ On this assumption, 
the velocity constant of a monomolecuUr reaction is a measure 
of the frequency with which the molecule passes through this 
state of instability. Thus, in order to produce a satisfactory 
hypothesis accounting for monomolecular reactions, it is 
necessary to devise an atomic mechanism which will pass 
periodically through an unstable equilibrium If such a 
mechanism can be devised, it will serve to account for all 
chemical reactions ; for in the case of the polymolecular re- 
actions it is only necessary to assume that all the molecules 
involved have their particular unstable periods and that action 
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between them occurs when two or more molecnles aimaltane- 
ously attain the state of instability and collapse ; after which 
their component parte will attract whatever atoms yield the 
stablest system; and in thie way new componnds will be 
formed. 

Now Noyes' model atom explicitly provides this very 
mechaniam of which we are in search, since at <me part of the 
electronic path the two atoms cease to be drawn together and 
are thos able to break free from tme another. It.ia not necessary 
. to aaeome a In-atomic molecule only ; for even in a very com- 
plex stmctore it may be assumed tiiat the periodic instability 
affects one bond frequently in componBon to the recurrence of 
instalolity in the other atomic junctions of the molecula 

A concrete example may serve to make this point clearei*. 
The compound tetramethyl-ammonium hydroxide, when dissolved 
in water, yields a hydroxyl ion and the positive ion (CHt)^N. 

H— o— n^h! -* Ha + -n^h! 

I \CH, 1 \CH, 

CH, CH, 

Here, according to Noyes' conception, an electron which origin- 
ally rotated onder the influence of both the oxygen and nitrogen 
atoms has now been removed entirely from the sphere of at- 
traction of the nitrogen and has transferred itself to the oxygen 
system. The nentralityof the tetramebhyl-ammonium hydroxide 
is thus replaced by the gen^ution of a negative charge upon 
the hydroxyl radicle and a corresponding positive charge on the 
ammonium ion. Meanwhile all the other electrons in the two 
systems continue to follow the normal course, each vibrating 
under the joint influence of the two atoms which they serve 
to unite; Periods of instability occur, of course, even in the 
case of these comparatively stable junctions, but they are 
assumed to be so brief ch: ao infrequent that few ruptures occur. 
When tetnunethyl-ammonium hydroxide is heated, a differ- 
ent series of ph^iomena is observed. The molecule breaks 
down and methyl alcohol is produced. On the Noyes' hypo- 
thesis, this can be accounted for in the following way : — 
CH,\ /CH, CH,. CH, CH, 

CH,3n/ -* CH,^N + -» 1 

ch/ X>H CH,/ OH OH 
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In the first stage of the reaction, owing to the change in physical 
conditions, the electron forming the Junction between the methyl 
group and the nitrogen passes completely into the nitrc^en 
syst^, making the methyl group eleetrically positive. Simul- 
taneously (if the breakdown is to occur) an electron falls from 
ita powtion under the common influence of nitrogen and oxygen 
into the exclusive sphere of the oxygen atom. At this stt^ in 
the process, the nitrogen atom has gained an elecb*on and lost 
one, leaving it in the same state as bef<H«. On the other hand, 
the union between nitrogen and carbon and the union be- 
tween nitrogen and oxygen has been broken ; and the methyl 
group has acquired a negative electron whilst the hydroxyl 
group has lost one. The two groups are thus drawn to one 
another and produce methyl alcohol, in which the electron moves 
in a stable orbit around both the carbon and the oxygen atom. 

8. Stewart's Atom. 

This modal atom ' was devised to account for chemical and 
radioactive phenomena ; but it is not intended to supply an 
explanation of spectral seriea The main features of it are: 
(1) a core of negative electrons; (2) an intermediate zone 
occupied normally by positive electrons but containing also, 
in the case of the radio-elements at least, certain negative 
electrons ; and (3) an external region occupied by negative 
electrons. 

The orbits of the electrons in the two inner zones are as- 
sumed to be approximately circular; the outermost electrons 
travel in elongated elliptical orbits. 

The core is assumed to be the origin of the electrons ejected 
from radio-elements during 0-Tay changes ; the intermediate 
zone generates a-particles ; whilst the outermost electrons are 
those which play a part in ionic and other normal chemical 
reactions. The two inner regions correspond to Rutherford's 
positive nucleus. The atomic number of the element corresponds 
to the surplus of positive over negative charges in the two inner 
zones jointly. 

The elongated elliptical orbits of the valency electrons, 
which may be termed "cometary electrons" for convenience, 
serve to account for two imjwrtant chemical facts. In the first 
' A. W. Stewart, Phti. Mag,, 191B, SB, 826. 
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place, it is necessary to explain wliy changes of valen*^ in an 
atom require comparatively small expenditures of enei^ ; and 
in the second place, it is essential to throw some light upon the 
alteration in chemical and physical character of the atom pro- 
duced by changes in valency. Now when the oometary electron 
is in aphelion to the nadeos, it is far removed from the centre 
of attraction and is travelling slowly in its orbit, both of which 
conditions will render it easily removed from or replaced in its 
normal path with slight expenditure of enei^. Again, when at 
perihelion, these oometary electrons are assumed to pass very 
close to the outside of the positive zone ; and they will affect 
the electrons in this zone in the same manner as the negative 
electrons of the core do from the inside of the ring. A change 
in the number of electrons in the cometary orbits will therefore, 
influence the positive zone just as it would be affected by a 
change in the number of electrons in the core. The two effects, 
however, though alike, are not identical ; for in the case of the 
oore electrons their influence is a constant one; whereas the 
cometary electrons only exert a periodic influence, since during 
a large portion of their path they are far away from the positive 
zona Thus a change in the number of the core electrons pro- 
duces a permanent effect and changes the atomic number of the 
atom ; while a change in the number of the cometary electrons 
tends in the same direction but is not so marked in its acticai. 
llie latter influence, therefore, produces only a change in 
chemical character approaching to but not identical with a 
change in atomic number. For example, the conversion of 
ferric iron into ferrous iron produces a material very like mag- 
nesium, but not isotopic with it ; and the conversion of hexa- 
valent uranium into quadrivalent uranium yields a substance 
closely akin to thorium, but not isotopic with it, 

9, Gondunon. 

It seems desirable to sum up the subject at this point ; and 
this can best be done by indicating very briefly the successes 
and failures of the various modd atoms from the chemical 
standpoint. 

Bohr's atom appears to be considerably overrated, especiaUy 
by those who seem to have accepted it blindly without apply- 
ing any critical examination. It appears to have failed when 
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ottempUi were made to utilise it in the case of heliam and 
heavier elements. Thus even in the field of spectral series it is 
not an nnblemished saccesa. As f ar ss chemical and radio- 
chemical problems are concerned, it is quite worthless. In fact 
it makes no pretence to offer an explanation of any of the 
commoner phenomena of chemistry. 

Nicholson's atom is of more interest from the chemical 
standpoint, especially in view of his work on nebulium. With 
regard to atomic architectnre, however, it seems doubtful if 
much purpose is sejTved by attempting to build up complexes of 
elements and proto-elements in order to produce totals numeri- 
cally equal to the atomic weight of some freab element. The 
atomic weights of the elements appear, at the present day, to 
be among those elemental pitrperties &om which least is to be 
expected; and the mere jn^Hng of figures to produce co- 
incidental values seems more or less a waste of time when the 
really important matter — the chemical properties — is left out 
of account entirely. For example, there appears to be very 
little use in pointing out that atoms of argon and of calcium 
may each be built up from ten helium atoms when no attempt 
is made to explain how the ten helium nuclei are arranged in 
the two cases so as to produce respectively an inert gas and a 
divalent metal. t 

G. K. Lewis' atom, ss extended in scope by Langmuir, 
appears to be a more interesting speculation from the chemist's 
point of view. It is, however, only a sketch as yet; for it 
leaves out of account much of the information which has been 
acquired on the radioactivity side ; and it seems doubtful if a 
static atom can be said to be satisfactory at the present day. 
The velocities with which electrons are ejected from tlie radio- 
elements appear to make it more probable — though not certain 
— that the internal machinery of the atom is in rapid motion ; 
and it ia difficult to conceive that a static grouping of electrons 
could be permanently stable. The Lewis-Langmuir atom, of 
course, makes no attempt to account for line spectra. 

Nt^es' atom is even more sketchy than the Lewis-Langmuir 
model, though it has attractions of its own within its limited 
scope. It is really devised to account purely for the attraction 
retaining tc^ther two or more atcsns ; and it would be pressing 
the matter too far to demand more from it. 
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Stewart's atom makes no pretence to aocoimt for the spectral 
evidence ; but it seems to fit the chemical evidence as a whole 
better tiian any of the others. On the principles of pure 
Newtcmian dynamics it is an unstable system,' but on the same 
Bssnmption the Rutherford nucleus itself could hardly be 
capable of permanent existence. 

From the foregoing it will be seen that up to the present 
no model atom has been devised which is capable of accounting 
for all the phenomena which a correct model atom should ex> 
presa Possibly from a fusion of some of the above ideas with 
new materia) a satisfactory model may be devised in future. 

> Jaokun, Phil. Mag., 1919, 38, 3S6. 
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Thb following notes on the literature of the Buhjeots dealt with in 
this volume are not intended to be oomplete ; they are to be re- 
garded lather w finger-poets to guide the reader should he desire 
fnller information from other works. English aathorities hare 
been given wherever possible ; as nowadays there are good mono- 
graphs in our Own language upon many enhjeota and we have 
become mnch less dependent upon the Germans for this kind of 
work. It cannot be too often impressed upon the student that bis 
interest in chemistry will be greatly inoreased and his perspeotive 
of the subject improved if he will take the trouble to pursue a 
oourse of reading qnite outside the range of the text-boohs. A 
oompaiisoD between a subject in a book and the same subject as 
handled in the original papers will very soon reveal points of 
interest which will probably stimulate him to further reading and 
certfunly will enliven the subject whatever it may be. 

The conneotion between chemical struoture and the physical 
properties of substances has been very fully described in Smiles' 
The BelaPtons between Ckemicai Conttitution arid Some Phytical 
Propertiet, which treats the subject up to 1910. It is the only 
complete work dealing with this field of physical chemistry. 

Information with regard to double salts is to be found in van't 
HoETs BUdung und SpiUtung von Doppeltalzen, which contains a 
full account of his fundamental researches in this branch. Clib- 
bens' Principles of tke Phate Theory; Heterogeneous Eqtiiiibria 
between Salti and their Aqveout Solutiom deals with more recent 
work on the subject. Shorter accounts are ^ven in Bancroft, The 
Phase BuU, and Findlay. The Phase Ride. Willard Gibbs' 
collected Scientific Papers may be consulted by those interested in 
the thermodynamioal side of the problem. 

An account of the researches of van't Hoff and his colleagues 
npon the Stassfurt deposits is given by him in a two-volume pam- 
phlet, Dm Oxeanischen Salzahlagerungen. 

With regard to complex salts and complex ions, the beet aooonnt 
of the ionic problem is td be found in Jaques' Complex, Ions. 
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Werner's Jfaw liea* on Znor^antc Ghmiiat/ry oODtuns a vast 
Dumber of examples of complex salts. Ad acconDt of the oobalt- 
ammiDes is given in Stewart's S%vreochemUVry. 

There is do book or pamphlet deallDg with the peeudo-aoids, 
though short aoooonta of them are to be found in some text-books 
on physioal ohemistry. It may be well to put the reader on his 
^uard, however, for in the case of at least one large text-book it 
is quite apparent that the author either never consulted the origi- 
nal papers or has read them quite unoritioally, sinoe criteria which 
Hantzsoh himself abandoned at an early stage areiqnotedin this 
book as Ihough they still held good. 

The whole subject of indicators has been very fully described 
by Prideaux in a book devoted to this field. Both theoretioal and 
practical questions are dealt with in the volume. 

No collected account of Walden's work has yet appeared. The 
reader must refer to the original papers for further information. 

General accounts of colloids are to be found in the following 
works: Burton, Tha Phyticai Projmrtia of Colioidai Sohttiotu: 
Freundlioh, XapiUorcfcemie ; Hatsohek, CoHoirf* ; Poschl, CA«i»Mlri/ 
of Colloids ; Taylor, The Chemistry of Coltoidt ; Zsigmondy, Colloids 
and the UltramicToscope. Wo. Ostwald's Handbook of Colloid 
Chemittry is not complete and is very diffusely written. In oon- 
neotion with the same subject, it may be well to mention Michaelis's 
Dynamik der Oberfioehen and Willows and Hatschek'a Surfact 
Tention. Butschli's Microscopic Foams and Protoplasm contains 
an account of some gel-straotnres. A series of reports upon 
technical applications of colloids appeared iD the British Associa- 
tion Beport for 1917. Bancroft's Applied Colloid Chemistry 
should be consulted. 

The Brownian movement is fully described in the books, 
mentioned above, by Burton, Taylor, Zsigmondy and Ostwald. 
Svedberg's Existenz der MolehiHe may also be consulted. An 
account of Ferrin's researches is to be found in his work on Atoms. 

The same volume contains a description of Ferrin's work on 
emulsions and also a fairly complete desoription of many of the 
methods by which Avogadro's constant may be determined. The 
last-named subject is also dealt with, though not fully, in Millikan's 
The Electron. 

Accounts of adsorption are to be found in Taylor's Chtmitiry of 
Colloids ; Fhillip's Physical Chemistry and itt Applieation to Medi- 
cine ; and in Hatschek's Goiloidt. liie problem of surface action 
is dealt with in Michaelis's Dynarmk der Oberflaohen. A shorter 
account is to be found in Willows and Hatschek's Surface Tention. 
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Some theorieB of colloidal solntioD are dealt with in Barton's 
PA^stcoJ Prop^ttM 0/ OoQaHal SoluHoM, and others are given in 
FoBohl's CAMiutry of Colloids. 

Further information on oatalysis may be Bought in Henderaon'a 
Catalj/si»; Jobling'a Gatalyiia and it» Industrial Applications ; and 
in Bideal and Taylor's Catalytit in Theory and Practice. 

A full aoconnt of emieeion spectra is given in Baly's Spectra- 
tcopy and in Bomuaerfeld's AUmiiawund SpektraUinien. A^orter 
aooount of this part of the subject is to be found in Eonen's 
Leachten der Gate und Dimpfe. For an account of phosphores- 
oenoe spectra, Urbain's Spectrotcopie may be conBulted. The 
fullest work on the whole Bubjeot is Kayser's Eandimch der 
Spektroikopie. 

Friend's Theory of Valency gives accounts of the various 
hypotheaes wbioh have been suggested with regard to oheniioal 
affinity. The eleotronio views of valency are disouBsed in Fry's 
Electronic Conception of Valence. 

On the subject of the Periodic Law, works have been written 
by each of the three authors who were mainly responsible for its 
discovery. Newlands reprinted his original papers in a small 
volume, The Discovery of the Periodic Law ; Mendelfef 's views are 
to be found in his Inorganic Chemittry, the footnotes of which are 
(rften very much more interesting than the text they amplify; 
whilst Lothar Ueyer's Modem Theories of Chemistry, though 
published in 1888, still retains a certain freshness. The fnllest 
aooount of the progress of investigation in this branoh of chemistry 
is to be found in Venablee' Developfoent of the Periodic Law, which 
oontains summaries of more than 250 papers on the subject. 
Budorfs Periodic Classification and the Problem of Chemical 
Svohition is a smaller volume. Garrett'B Periodic Law contains 
a very good account of the main periodio properties of the elements. 
Chapters on the Periodio Law are to be found in Pattison Mnir's 
Development of Chemical Theories and Laws ; Boddy's Matter and 
Energy ; Letts' Fundamental Problems of Chemittry Old and New ; 
and Stewart's BeccTtt Advances in Physical and Inorganic Chemittry. 
The relationship between radioactivity and the Periodic Law is 
dealt with in Soddy's Chemistry of the Badio-elements, Part II. 

No full aooount of atomic structure from the chemical stand- 
point has yet been given in book form. Borne of the physical 
views on the subject are given in Thomson's Corpuscular Theory of 
Matter ; Bichardeon's Electronic Theory of Matter ; and Bommer- 
feld's Atoti^u und Linienspektren. The Lewis- Langmnir and 
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Bohr atoms are desoribed in Loring's Atomic Structure. The best 
short acoouut of Bohr's model atom ia to be found m Millikaa's 
Hie Electron. Three leotures on the problem of the elemente, by 
Soddjr, NioholeoD and Jeans, are printed in the Trantactions of 
the Chemicai Society (1919). 

It must be borne in mind by the student, however, that al- 
though books are convenient for reference purposes and for acquir- 
ing a general knowledge of any subject about which one knows 
very little, aeverthelees the perusal of a book does not bring one 
into direct touch with research, and the real Booroe of interest ia 
to be found in the original papers. The continual reading of 
books, to the neglect of first-hand acquaintance with chemical 
joumals, is apt to produce a totally hiw impressioD of the 
difficulties of research work and also to leave the feeling of a " cut- 
and-dried " subject, owing to the unavoidable process of sammaris- 
ation wbioh the material has to undergo if it is to be brought 
within reasonable oomposs. In that summarisation, much that is 
tentative in an original paper cannot but be handled in a more 
dogmatic fashion in the book ; and in this way false perspeotivea 
are almost unavoidaUe. 

It is best, then, to regard books mainly ae guides to the origin^ 
literature; and to consult the latter whenever Euiy interesting Bub- 
jeot ia unearthed in book form. As a guide to recent literature, 
the Annual Beportt of the Chemical Society will probably serve to 
assist the student ; but it must be remembered that the aubjeots 
desoribed in them from year to year represent only a fraction of 
the work actually done. 



D,g,l,..cbyGOOglC 



APPENDIX. 

TABLE I. 



LiBT or StiKiumi 



Whsbe isotopes have been detected, their maBses are given in the 
order of the intensity of the lines which they produce in the mass- 
spectroscope. The intensity is probably a meaanre of the percentage 
of the coireaponding isotope in an ordinary specimen of the element. 
Bracketed figures are provisional only. 



Element 


Atomio 
Number. 


"Atomic 
Weight." 


Huua of Atoms Detected. 


Hydrogen 




1-008 


1O08 


H^nm . 






S-99 


4 


Uthlom. 






6'M 


7,6 


Boron . 






10-9 


11,10 


Cuban . 






la-oo 


13 


Efltrogeo 






1401 


14 


Oiygon . 






16-00 


18 


Fluorine 






19-00 


19 








30-3 


30, 33 (31) 


Bodlnm . 






38-00 


38 


SlUeon . 






28-8 


38, 39 (80) 


Phtaphoni* 






31-04 


31 


Sulphur . 






82H)6 


32 


OU^ne. 






86-48 


86, 87 (89) 


Argon . 






»-8e 


40(86) 


Potawinm 






89-1 


89,41 


Anenio . 




38 


74-96 


76 


Belenlmn 




U 


79-3 


Ko Iflotopee oleartv shown 


Bnuniac. 




8fi 


79-aa 


79,81 


S^bldlain 




sa 


aa-oa 


84, 86, 83, 83, 80, 78 




87 


84-77 


8^87 


Tin. . 




60 


118-7 


No isotopea olearl j shown 


AnUmonj 




61 


120-3 




TellndWD 




62 


137-6 




Iodine . 




68 


126-9a 


137 


Xenon . 




64 


180-a 


139, 183, 181, 184. 136 (128, 180 ?) 


OaMtiun. 




66 


183-81 


138 


Heronry. 




80 


900-6 


(197-200), 903, 304 



> ArtoD, IVoiu., 1921, U9> 676; PhO. Uag„ 1931, tf, 140, 486. 
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Lnr or iBonfia Dibcotieskd by BiDiOKTnriTV Hbthods. 
The atomic wei^te attributed to the elemeate below have been 
deduced from the loss of a-particles from uranium and thoriam.' To 
simplify the printing, only the round numbers have been given. If 
the atomic weight of uranium be taken as 238-2 and that of thorium 
as 232-3, all the values below mnat be increased by 0-2 units. 

Qraop. NamlMT. Iiotopea. 

B6 Niton = 232; Actinlnm emanation — 218; Thorinm em- 

uution ^ aao. 

na 88 Badiimi - 386 i Aotinlnm-X - 329 ; Ucsothorium-l - 928 : 

Thorlnm-Z -> S24. 
IIU 89 Actinium ^ 226; HeBotlioiium<9 ~ 928. 

111b 81 fiadJiun-O, •= 910; Aotinlom-D = 306; Thoriom-D = 906; 

TtuIliDm ^ 2M. 
IVa 90 Unaium-Y? Unnium-X, >~ 334; Ionium ^230; Badio- 

KctiQium = 226 ; Thorium . 2S2 ; R»diothonnm = 338. 
IVb 82 Radinm-B ^ 214; End-product of Ita-0, = 210; Radium-D 

'< 310; Actioium-B '^ 210; Actinium end-product — 206; 

End-pcoduot of Th-D - 308 ; Bnd-product of Bb-F ^ 206 ; 

End-product of Th-C - 206 ; Common lead (mixttue) 

= 207. 
Va 91 Unnium-X, = 234 ; Eka-tautklum ^ 290. 

Vb 88 Bismuth . 208 ; R»dinm-C = 214 ; K«dium-E = 210 ; Ae- 

tinium-C = 210 ; Thorium-0 = 219. 
Via 92 Unnium-l = 338; Uruiliim-2 ^ 234. 

Tib 81 Badinm-A = 218; Badium-O, = 914 ; Badium-F* <■ 910; 

Actinium-A = 214 ; Thoriom-A " 21G ; Thorium-C = 912. 

No isotopes have been diacoTerad by radioactiTl^ methods in the tollowUlg 
GmupB: la, lb, lib, Vila, Vllb and VQI. 



IllHT or ISOBABXS AHOHQ XHK BLmOHIV Heavhb tean Ucbcobt. 

(See note on atomic weights in Table II.) 
omio Wd^t. IwbKrei. 

2S4 Cranium-X, ; Uraniom-X, ; Dranium.2. 

280 Ionium ; Uranlum-Y ; E^tantalnm, 

238 McBothorium-I ; Meaothorlam-3 ; BadiOthorlnm. 

926 Badium; Aatiuium; Badloaotininm. 

922 Niton; Actiniam-X. 

218 Badium-A ; Actinium emanaUon. 

214 Badium-B; Badium-0; Badiam-0,; Aotlnlum-A. 

319 Thorinm-B; Thorium-O; Thorium-O*. 

910 Badium-G,; Bodium-D; End-pioduct of Ba-0,; Badiam-E; 

Badium-P; Actinium-B ; Actinium-0. 

206 Tboriam-D; End-pcoduot oi Th-D ; End-prodnct of Th-C'. 

906 Actinium-C ; Bnd.product of Actinium ; Biid-^oduct of Ra-F. 

' See Soddy'B ohart, Ttant., 1919, 116, 16- 
■Palonlnm. 
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AsROQ, 308-S, 369. 

Atwnou, 395. 

A[:re«,369. 

AAama, 837. 

AdiituiJ, fi8. 

AlexarndtoD, 164. 

ApplOTvd, ati-6. 

ArcUMd, 19, 56, 129. 

Atmltase, 291. 

Arrhenios, 369, 371. 391, SOS. 

Aaton, 166, 386, 3S7, 886, MS. 

Auld, 361. 

AawaiB, 13, 291, 393. 

ATogadio, 309-30. 

BlcHl, 18B. 

Bftker, 3U. 

Baloom, 36t, 

Balmar, 389. 

B»ly, 95. 

Banorolt, 258, 36e, 399, WO. 

Bkoei, 13, 19. 

Bam, 139. 

B(tfli«8, 318. 

BouiE, 291. 

Beoludd, 161. 

BedKii), 820. 

Btmoa, ass. 

Bemeob, 171. 

Barthelot, 311, 266. 

Berthollet, 39a 

BeneUoB, 390, 819. 

Bigelow, 368. 

BillilMr, 2&2-8. 

Kite, 180. 

Binghun, 139. 

Blair, 50. 

Blftise, 107. 

Blake, 167. 

BodUindai, 803. 

Bohr, 839, 982-6, 396. 

BoiBb4UdAll, 286-6. 

Boltwood, 226. 

Boyd, 361. 

Bnwg, 236, 237, 228. 

BrscGg, 116, 162,171, 363, 367, 3i 

361,361. 
Bremer, 16. 
Biiggs, 231, 302, 809. 



BtiUooin, 216. 
Bnglie, 193 
BroiTQ, 1B6, 267. 
Brnhl, 18, 19. 
Buohnor, 129. 
Barton, 169, 191, 100, Wl. 

BuiBohii, aeo, 100. 

Oady. 19*. 

Cuu^JEEftro, 819 

Oanielley, 816, 838. 

Ou7sr&, 139, 134. 

O&rrol, 139, 167. 

CaaaiDi, 162. 

Oaven, 360. 

Centneiumer, 139, 151. 

Ohuicourtoia, 316-6. 

Chappuis, 391. 

ChaadMaignes, 183, 192. 

Clarke, 15. 

OlftDB, 296. 

Cl&usins, 318. 

OUbbeuB, 399. 

Oone, 807. 

Cooke, 319. 

Oouper, 196. 

Oro^es, 376, 278, S16, 829-82, 8 

Crymble, 88, 86, 97, 391. 

DlBBOWBKI, 188. 

Dalton, 311. 

Daocet, 186. 

DftTidBon, 100. 

DaviB, 332. 

DaTj, 138. 

De, 909. 

Devaax, 311. 

Deirar. 238, 867. 

DiUe, 286. 

Dixon, 361. 

DoebereiDer,81S. 

Domtan, 261-3. 

Drude, 119. 

Duinu, 813, 811, 919, 811. 

DimBtan, 19. 

Dntoit, 139, 166. 
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L, »1, 199, 216, 317. 
EUenlohT, 19. 
EUiMfof, ITS. 
ErlsimieTer, 13, 391. 
Bnist, 2S6, 2fie. 
Eular, 106, 106, 110. 

1,18. 



FuiBS, 26a 

Pdk,291. 

Fusaaj, 138, 163, 166, 181. 26fi. 

Felat,3«l. 

Pladlay, Bl, CT, 19. 

Iliohar, B., 361-3. 

Piike,S6a 

FlMk, 877. 

FlniBoheim, 12. 

Fortw, 819. - 

FrKnkel, 26<. 

Fnokluid, 196. 

Pmnklln, Isg^S*. 

Fnniid,391. 

Fnmndllot], ITS, 1T9, 284, 3W, : 

MO. 
Friend, 391, 802-8, 869, 401. 
Frowelii, ifl. 
P17, 391, SOT, tOl. 
Fulbuna, S64. 



Oay-Lnl 
Gelmr, 
aibl«,S 



Oabsett, 401. 
~ 'jnMM, 813. 

c, 334, S36. 

>, 384, 899. 
aiadstone, 818. 
aiandlunliu, 83. 
Omelln, 31^ 819. 
QombeTg, SOT. 
Gore, 180, 
Gorke, 106. 
Gouy, 187, 188. 
Qmhun, 169-61, 168, S4T. 
Oreeo, 118. 

Hackkl, 13. 

Hall, 816, 844, 866. 

Ualler, 36. 

Hwitnoh, 98, 100, 101, 102, 108, 1 

106, 106, lOT, lOe, IQO, 110, ] 

IIT, 118, 119,400. 
Hardy, 170, ITT, 862. 
HuUns, 816, 844, 866, 889. 
Harper, 112. 
Uartiei, 13. 
UaTtley,E.,800. 
Hateahek,40a 
HauMeollle, 286. 
Heen, 391. 
Ueodanon, 401. 
Henii, 83, 189. 
Heiu7, 381, 233, 388. 
Hevsay, 842. 



Hewitt, ag, 80. 
BUditob, 36, 36, 291. 
HiuriohMD. 13. <8. 
Hlttorf, 89. 
Hobnditec, 188, 200. 
Hollemu, 98. 99. 

lUDi, 174 

jACKBOa, 897. 

Jaoobaon, 308. 

JaqDBB, 84. 899. 

Jeans, 314, 402. 

Jevoiiji,186. 

JobllDg, 401. 

JokoQDot, 210. 

Jeoee, 49, 66, 139, IH, 301. 

JAEgenMm, 297. 

KABLOBOrF, 168. 
Efthlonbetg, 139. 
Kaoffmann, 106, 106. 391. 
Kayeer, 388-4, 401. 
Kaeun, 31S, 
E«kiili, 196. 293. 
EettyoD, 36. 
King, lis. 
Kipinng, 361. 
Knoevanagel, 391. 
Enorr, 391. 
Kdoz, B6. 
Konen, 401. 
Km^win, 166. 
Knue, 139, 181, 139. 
EMmaan, 116. 

Lampa, 166. 

Under, 860. 

LangeriD, 191. 

Laugmoir, 366, 890-1, 896. 

Lapworth, 389. 

Le Bal, 197, 291, 295. 

La BUno, 86, 87. 

Le ChateUer, 44, 145. 

LehmaDQ, 248. 

I«i^ton, 12. 

Lette, 401. 

IieTarriBT, 837. 

Levier, 129. 

Lewie, G. N., 390-1, 896. 

— W., 248, 2T2. 

Linder, 161, 168, 169, 1T7, 180. 181. 

LindMT, 66, 199, 106. 

Lodger, 366. 

Lorani, 316. 

LoriDg, 402. 

LoBBen, 296. 

LoHennoaet, 180, 181, 180. 
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MoOlalluid, 809. 
Uolntoih, 139. 
UoEaoin],eo. 
MoUMtor, 139, 107. 
U>giiil,83. 
MkroeUn, 971. 



Uu£i, S6 



313. 



H»rz,lXl. 
UMtham, 129. 
Mugoln, S48. ■ 
Ubxw^, ai2, 374. 
H»7et,369. 
Ha^«,ie8. 

UsUor, 2fi5, see. 

Hendeltef, 31S, 330-1, 386-8, 381-1. 

84S, 848, 36S, 306, 366, 861-8, 368, 

40L 
HcTTei, E., 391. 

— U, SaO, S34-6, 309-61, 401. 

— K., IIB. 
_ B., 38, 129. 

— T., 97, 391, 293-4. 
MiohMl, 12, 98. 
HichMliB, 400. 

MUllken, 194, 233, 224, 939, 3S8-1, 400, 

403. 
HUi)ei,338. 
Hoeller, 186. 
MotaMW, S68. 
UoMley, 370,340,809. 
HaMtti,213. 
Hoaton, 160. 
Hulr, 391, 401. 
HOllar, Oa 
HnllM, 19, 111. 
UamnM, 291. 
Hum;, 106. 

NsuoK, 991. 
Nernrt, 186, 149, SOS. 
K«wludi, 310-22, 401. 
Niokolioa, 886-3, 396, 403. 



Moyai, 80, 87, 144,891-3, 896. 

Ohnh, 21C. 

CMwBld, W., 118, 114, 116, 11 
137, 1B4, 196-7, 369. 

— Wo., 166, 333, 400. 

Padmih, 842. 
PMttagtoi), 126. 
PMoal, 30, 21. 
Puli, 170. 
PMimii,S74. 
FeAfn, A. G., U8. 

— Blr W. H., 19, 21 

pBRli), 4, 161, 170, 172, 178, 1! 
906, 311, 216-9, 236, 338, 9- 
349, 370, 271, 40a 



997. 

Pflttaikt>fv,8I8. 
Phillip, 400. 
Piokud, 30. 

Pioton, 161, 168, 169, 177, 180, 181. 
Planok, 220, 321, 322. 
PSuU, 400. 
PraoU, 386. 
PrMton, 280. 
PddeMix, 400. 
PioDt, 812, 373. 

QuraoKa, 171. 

RuuflB, 386. 

Bmqm.7, 190, 391, 309, 338. 

Bttnldae, 314. 

BaoDlt, 198. 

Bftyleigb, 311, 316, 216, 316, 883. 

B«,S3. 

Bamner, 330. 

Bamdera, 174. 

Baiuold, 210. 

Bet6en,48. 

BeTDolda, E., 370-2. 

— 0.. 376. 

lUahkrdMD, 401. 

Kd«Kl, 360, 401. 

Bieoke, 291, 394. 

BoloS, 88. 

Booceboom, 40. 

BoMnChftler, 281. 

Both, 18. 

Booker, 310. 

Bndoif, 401. 

Bnhofl, 139. 

Bnnge, 283-4, 386. 

Bapa, 26. 

Bnthetfotd, 224, 920, 839, 378, 379, 

381,397. 
B^dberg, 283-4, 386, 840, 344. 

SUAsanFF, 164. 



SoMohl, 43. 
Sohl&rap, 138. 
Sohlimdt, 139. 
Sahmldt, 808. 366, S 
SohanTook, CO. 
Bohroeder, 183. 
SohnltM, 98. 
SahulM, 177. 
8«ddig, 192, 193. 



Sentei, 269. 
Sfaeiill, 80, 86. 
Smedley, 19. 
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SmoliiohawdCT, 191, 210. 

Snetblaga, 269. 

Soddr, 816, 886, 336, 838. 389, 340, S14, 

863, 361, 369, S66, 877, 401, 404. 
Sodeu, 266. 
BommofAld, 401. 
Stn^, 391, 303. 
Spin, 260. 
Stoole, 129. 
Stewut, 18, IS, 3S, 83, 34, 36, 86, 80 

816, 837, 388, 366, S69, 394, 39 

400,401. 
StlMlltB, 116. 

Stokw, 200, 317, 238. 
Stomr. 316. 
Suthariuid, 214. 
Sredberg, 163, 177, 187-9, 400. 
Swu, 277. 



TmIk, 37. 

Tbiele, S, II, 13, 18. 

Thole, 49. 

Thomson, 388. 

Thotnion, Wa J. J., 186, 164, S34, 266, 

291, 808-7, 838, 401. 
TinUsr, 88. 
Titoff, 281, 366. 
Towusecd, 333. 
TnubB, 119. 
TroMte, 286. 
TarUbk, 267. 
Twitchell, 266. 
T71UUI, 166. 



TiK BEwaLBH, 182, 96a 

— den Broek, 839. 

— der WMa», 197, SU. 
Vftu't Hofl, 14, 48, 44. 46, 46, 48. 19, 

60, 63.82, 197, 386, 291, 292. 84S, 

899. 
VMb«], 291. 
Te&Eoy, 139. 
Van&blei, 401. 
Yoegelen, 109. 
, Vorl&ndar, 12, 318, 391. 

WAuaN, 4, 129, 131-61, 807, 400. 
W»lka, BltJ.,244-6. 
Wftt(a,286. 
Webstar, 881. 

1, 361, 801. 
Weimun, 217-9. 

Werner, 93, 94, S91, 396-304, 400. 
Whitney, 167. 
Wld&l, 179. 
■ Wiedemann, t7a 
WUliuoB, 33L 
WlllovB, loa 
Wilson, C. T. B., 328. 268. 

— B., 889. 

— H. A., 238. 
WidioenuB, 391. 
Wolf, 886, 887. 
Wt^ht, 38, 81, 36. 
Wanderlioh, 391. 



ZAKaoBB, 317. 
ZAwidski, 286. 
Zeliwky, 166. 
Zeemui, 2B4-6. 
'dgmondy, 162, 166, 166, 
400. 
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■ ISTB, 378, ST9. 

Abnonnsl hjdntM, 103, 109. 

— hTdrolTtia, 103, 104. 

— temp«ratur« oo«ffioisnlB, 103, 10' 
AbsorptJoD, 232. 

— geQen), 31. 

— lelective, 33. 

— speotn, 31- 

uid oonjagatioii, SS II. 

yalanoy, 37. 

ol iona, 87. 

Aestaldehjde, 188, 267. 

Aoetonilide. 31. 

Acetic ftcid, 110, 137, 138, 1S6, 3' 

an, U2, 2U, 269, ass. 

Acetone, 13, 95, 187, 141, isa, 1C7. 
AcettmitTlle, 137, 1S9, 111, IK), It 

102. 
AcetonylMetone, S6. 
Aostjl chloride, 187, 141. 
Adds, fattj, 26, 27. 
Aci-ioiin, 99. 
AotiuJum-X, 386. 
Activ* molecnlca, 271. 
AdhetioD, 2G1. 
Adipio iKid, 27. 
Adsotptioii, 162, 231 fl. 

— and utftlyBia, 2Bfi. 
ohemio&l raaotion, 948. 

— In gu-Uquld BfitemB, 289. 

gM-golid BTBtemB, 287. 

liqnld-iolid aystOTiM, aso. 

twc immiscible liquids, £42. 

— iMithermal. a40. 

— negktlve, 386. 

— positive, 83S. 
~ seleotlTe, 265.^. 
AiSnit;, 389 fl. 

— twldutd, see Reaidukl Affinity. 
Agar, 168. 

Agglutination, 179. 

Air Unes, 280. 

Albnmjiu, 169, 167, 168, 170, 173, If 



AlooGol, 181, 242, 200, 361, 268. 

Aloofaolat«s, SOS. 

Alooholi, Bi ionising solTeDtB, 184. 



AlkaU metkli, 828, 330, 344, 347, 
363. 

and tluUinm, 849. 

Alky] deriTatives of elemanta, 36S. 
Aluminium, 2S7, 33S, 34S, 304. 

— acetate, 162-8. 

— and berylliem, Rfil. 
chromium, 861, 

— hydroxide, 132, lfi9, 166, 243. 

— nitrate, 179. 

— oiide, 172. 
gel, 183. 

— iulphate, 40, 177. 

— trimethyl, 169. 
Alums, 40, 849, 861. 
Amino-aoetic acid, 96, 
Ammonia, 237, 206. 

— liquid, properties of, 129. 
roactions in, 139 ff. 

— reaction of peeudo-aclds, 109. 
AmmoQiataa, SiB. 

Ammonium compounds, 181, 1S4, 80S. 
Ammono-adda, 130. 
Ammono-basea, ISO. 
Ammonolysis, 134. 
Ammono -salts, 190. 
Amphoteric elsctralytes, 98. 

— elemecta, 340-6. 
Amy] alcohol, 103, 
Anhydrite, 60, 03. 
Aalline, 90, 81, 207. 

Anomalies in Penodic System, 384, 

936. 
Anomaly, optical, IT. 
Antimony, 863. 
-- ohloridw, 103. 

— nilphide sol, 168. 
AnHpodes, optical, 48, 01, 66 fl. 
Arc gpectn, s«e Spectra. 

Argon, 314, 398, 3&, 836, 344, 364, 360. 
Arsenic , 868. 

— trichloride, 164. 

Araenious salphids sol, 161, IBS, 166, 

176, 178, 179. 
Aschsrite, 77. 

Asliakanite, 44, 01 fl., 74-8, saS. 
" Astronomioal " elements, 360. 
Aaymm«tr7, 360-1. 
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Atmoiphere, utifidal, 206. 
Atom, model, 382 S. 

— SAtaniiKti modal, 881. 
-^ TOTtoz, 974. 

Atomic MvtaiMatan, 3SS-9. 

— mMseB, valuM of, 329. 

— nnclent, 361, ST8 fi., SM-6. 

— nnmben, 276, 336, 8U, 894, «08, 

401. 

ftnd ftiomio Tolnmea, 3i3. 

mighta, 341, 848, 879. 

elemental piopeitiea, 841. 

ipeotra, 27S-6, 387-8, 8*0. 

-^ X-ny apeotift, 840. 

of me earth elamenta, 398. 

— order, 888, 860. 

— etructare, 873 fl. 

— TOlnme curre, 835 B. 

— TolDmes, 817, 358 ff., 368, 869. 

elemeots of eaoal, 813. 

of Isotopes, 337. 

and aliomia numbers, 842. 

— ■ eleotroDioa, 869. 

— weight and atomic number, 841, 

818.879. 
~- weight* aD integral nambet, 812, 

887. 
ooireoted by Periodic Table, 

896. 

— — and obemical properties, 380. 

Periodic Law, 812 ff., 834 B. 

■- — spectra, 28B, 286. 

Anto-catalyns, 268. 
Auto-ratardBtioD, 2S8, 359. 
Auxoehrome, 80. 

Avogadro's constant, 209 S. 

accurate v(klue of, 229. 

defiditlon of, 909. 

table, 229. 

and emulsiona, 316. 

gaaaoue ions, 223. 

kinetio theory, 211. 

> radiation, 319. 

„ radioactiTity, 224. 

Aulafo acid, 27. 
Aso^-anisol, 216. 

3-BAT changes, 877, 894. 
3-rays, 377, 378, 380. 
Bacteria, sgglatitiBtion of, 179. 
Band spectra, 374. 
Barium, 387, 288, 383. 

— salts, 173, 178, 179. 
Bensaldehyde, 2fie, 260. 
Beniene, SO, 340, 313, 266. 

— fonunla, 12. 

— refraction, 19. 
Bensoic acid, 340, 241, 242. 
Banionitriie, 163. 
Beniophenone, 308. 
Bensy] aloohot, 3S8. 



Bischo&te, 74, 7S. 
Bismaiok brown, 168. 
Bismuth, 279, 814, 842, aSS. 

aohloride, 184. 
16B. 
Black body, 330. 
Boiling-point, IS. 
Bonds, see Doable and Triple. 
Boric acid, 172. 
ion, 886. 
andoatbon, 861. 

— silicon, 3B1. 

— hydride, 361, 
Brassidio add, 84. 
Brittleness, periodicity in, 33S. 
Bromine, 88, 163-4, 314, 243, 864. 
Bromobencene, 30, 153. 
Bcownian movement, 186 B. 
lactors infinenoing, 191. 

— in gases, 198. 

— measanmeiit of, 188, 191-8. 

— nature of, 186. 

— of rotation, 317. 

— — and Avogadro's constant, 316. 

— — electrolytes, 188. 

kinetic theory, ISO. 

viscosity, 187, 191. 

Bunsen flame speotrnm, 377. 

OiointJM, 869, 369. 

Iodide, 89. 

Bolphide sol, 168. 
Gaeslom, 373, 386, 337, 388, 844, 346. 

chloride, 48. 
Oaloium, 287, 283, 343, 347, S63, 372. 

— carbonate, 173. 
chloride, 181. 

magneaiam potassium snlphate, see 

Polyhalite. 
nitzate, 181. 

— snlphate, sea Anhydrite. 
Oameta InoMa, 188. 
Oamphor, 26. 



)ane«ugar 

Jaramel, li 
Carbamide (urea), 180. 
Oaibon, 326, 316, 8S3, 872. 

— and boron, 851. 

- dlo^de, adsoiption of, 381. 240, 241. 

- dlsalphide, WA. 

- monoxide, 337, 
Garbonatee, basic, 347.8. 

— of Qroap I. metals, 847. 
Oarbonyl group raaotirity, 13. 
Carborandum, 173. 
Oamallite, 60, 66-76, 78, 81. 
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Oktalnii, 3H 11. 
— ontotu of, SM. 
- boroogenaoiu uid haterogeneoas, 



9M. 



efl. 



— pcaiCiTa Mid negative, 3ST. 

— MlectiTa, 261. 

— theories of, SM ff. 

— and OMuplcx icnu, SS. 
CataJTita, poiioning <rf, 96S. 

— protective kotion of, 3CS. 
Oet^jtic Mtion of tola, lTi.fi. 

— BffectB, uooDdmn, 268. 
CktaphoreeiB, 168 S., 179. 
Gd], inthennBl, SSa 
Cellitlaee. 173. 
Oeltiam, 8U. 
GentnifuBe, 199. 
Oerinin, 863. 

— oxide, SOe. 

GhuooBl, 381, 3ST, SS8, 389, 240. 211, 

Ohamloftl KffliiLtf, 289 ft. 

— homogenaitj, 881, 8SB, 888. 
GhloTkCBtie aoid, S42. 
Chloiides, ooloured, 968. 

Ghlorine, 164, 214, 312, 3H, 829-81, 
336, 818, 541. 

— atomio volanie ol, 869, 860. 
Ohromiam, 813, 861, 868. 

-- ohuaoleiUtioa (rf, 861. 

— eompoooda, 166, ITS, ITS, SGI. 
Oiromopliona, 116. 
(Siiemslo((nph, 189. 
Citncmjc Mid, 81. 
CoagnlktiBg power kdA vftlew^, 1T9. 
GoBgnl&tioi), 160, 171 H., 182. 

— ooDoentmtlon, 177. 

— hTpotbeees on, 176 (I. 
GoUltammlnM, 91 fl., S98 fL 

— optioellj MtiTe, 91. 
Cobkit ohloiide, 16T, 399. 

— roMo-eelti, mus'i neat in, 801. 
Ooheiion, 201, 841. 
Odem&uite, 77. 

OoUoidal Bolution, 168. 
Oollolda, 168 ft 

— ehugaa on, 168, 179 11. 

— di&QBion of, 161, 

— eleotiioaJ propectiei of, 16T ff. 

— liypoCbeMi on, 316 S. 

— tmreiuble, 161. 

— motoeolar wrigbta of, 161, 

— mntoal predpitMion of, 18. 

— opEicil prapertiea ot, 161 fi. 

— onnotio pneaare of, 161. 

— prepuBtion ot, 161 fl. 

— pnteotiTe aiotion of, 161. 

— nrenlble, 161. 



lOG. 

Oolonrad chloridea, 868. 
ColoDn ot ulta, perlodioit; in, 836. 
Colnmbiojii, SflS. 

— oiide, 366. 
Gomplaz iona, 68 IL 

uid oonduotiTit^, 89. 

in oells, 90. 

spaotia of, 88. 

teale for, 81 ff, 

~ eklta, 11, 88 IL, 398 II., 906, 809, 
818. 

and Periodio Syatem, 91. 

Gompiesalbilitr of guea, 319, 31fi. 
Oonoeutistion and anrfaoe eneigj, 331. 

— in frotha, 286. 

Oondenaatlon, Ideal ooeffloient of, 313. 
Oondnotivltj in inorganic Uqnlda, 

16811. 

mixed boIvbdU, 166. 

non-aqDeoOB aoWsnta, 185 11. 

— and double aalta, 65. 

— — ioWent oonatitntioD, 181 fL 
power, 113 fi. 

Iraosition point, 19. 

vlaeoaity. 111 ff. 

— of oomplez iona, 89'. 

peendo-aoids, 100, 103, 108. 

OoQglomerate, S9, 59. 

Oonso led, S18. 

OoQinsated doable bond*, 11 fi., 16, 18, 

19,21. 
OonJDgation, 8, 11. 
~ apeiial, 11. 

— and abeorption speotra, 88 II. 

addition reaoliona, 9 fi, 18. 

boiling-point, 16. 

heat of combuatioD, 18. 

tnagnetio rotation, 91. 

anaoaptibility, 31. 



leactiTitr, 18, 16. 

relraotivity, 18. 

Courtaat aolutkm, 68. 
Oontinaoa* apeotra, 2T1. 
Oo-ordinatlon faTpotbeaia, 299. 
Oopper, 26T, 365, 838. 

— compouuda, 66, 131, 168, 350, 357. 

367, 817, 818. 

— elemental oharacteriatloB of, 818. 

— aol, 168. 

— and meronry, 818. 

nickel, sea 

thalhnm, 818. 

Comninm, 841, 386. 
Oritioal conatwita, 311. 

— grain, 361. 

— opaleeoance, 210. 
OiyataliisatiMi, end-point of, 60. 
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CiTtteUcnda, 1S9, 346, 947. 
QiyftalB, atomio dirtkooa in, 236. 

— Uqnid, 2*8. 
CnprouB hydroxida, 348. 

— pfit uwrinm chjoride, 44. 

— aulidiide, &48. 
Cyuiogen, 194. 
Cyftuuric eater, SB. 

Dxu^tnscanoB, 43. 

Dnufty uid (ranntioo pc^t, 60. 

— of emnUcci putioles, 199, 
Diuetjl, SO. 

Diallji, 18. 
Di^ yds. 109, 163. 
Diuntgn^lBm, 30. 
Diamyl lulphide, 30. 

— ralphoDe, 3fi. 

— aulphoxide, 36. 
Dtaphngma, charged, 172. 
DielActrio conBtanta, 313. 
liata al, 187, 146, 102. 

— oonatMit uid diaaodotiiig power, 

186 fl, 

soWttil power, 150. 

DielectrioB, theoi^ of, 318. . 
Diffnuoo and Avogadro's oonetaat, 
21B. 

— of coUoids, 164 
Dll&tometer, 46. 
DUuent, 280. 

Dimensiona, molecular, 209 fl. 
Dimethyl-aniline, 30. 
Dimethyl- phanjlme-diamine, SO. 
Dinitrometliane, lOB. 
npheuylomine. 344, 340. 
Dipheii;l-h«iaM«ne, 19. 
Dlphanyliodoninm hydroxide, 846. 
Diphenylpynme, 28, 29. 
Dipoles, 394. 

Directive inilaenoe of Boltent, 268. 
DiapeTBion, mechanical, 161. 
DiaaociatiDn and lefntctiTlty, 146. 
solubility, 148. 

— in ioDiains Holvents, 186 fF. 

— table of degree in various solvents, 

137. 
Double liondB, 10-14, IS, 16, 18, 19, 21, 

24. 
conjugated, 11 fl., 16, 18, 19, 34. 

— salts, 89 ff., 78. 

— salts' exietence-limitSi 78. 
Dust-counter, 32S, 268. 
Dvi-t«llurium, 828. 
Dyeing, 346. 



e/m, vaJue of, 880. 
BiBoreaoence, 43. 
Egg-white, 164, 176. 
E£a-a|lioon, 827. 



EUectrioot ohargea on oolloida, 168, 
179 S. 

— hypotheaea of oolloida, 362. 

— methoda of ooUoid preparation, 163. 
Bleotrio ohargea on diaphiagma, 173. 

and aartoce phenomena, 383. 

BleotriciW and matter, 876 S. 

Eleetroaffinity, 363. 

Electiochamioal ctiancler, periodioi^ 



oolloida, 168. 

— as coagulating agenta, 170 3. 

— typea of, 96. 
Blectiometer, oapillory, 283. 
Electromotive force and atomic n 

hen, 343. 

transition point, 49. 

Electronic orbits, 382. 
Electrons, oometary, 394. 

— valency, 394. 
Eleotroatriction, 148. 
Elementary groups, 333, 330. 
Elementa, " astronomical," S60. 

— oolorogenlo, 863. 

— discovered spact~~ 

— homogeneous, ( 

829,836. 

— melting-pointe of, 344-C. 

— orthoperiodio, etc., 371. 

— atdll unisolated, 388. 

— trSiDBttionBl, 332 ft 

— unisolated, 834. 

— yielding alkyl derivatiTes, 863. 
hydrides, 363. 

— X and ^, 834. 

Emission spectra, see Spectra. 

Emulain, 361. 

EmnleionB, calculation of N from, 316. 

— deoait; of grain* in, 199, 

— diffusion in, 318. 

— distribution of partidea in, 196 fl. 
^ methods of observing, 204. 

~ preparation of, 198 fl. 

— volume of grains in, 200. 
Emulaoida, 160, 163, 346. 
Bnd-polnt of crystallisation, 66. 
Energy, surface, 283. 
Enhanced lines, 382. 

Enzymee, look-and-key aimile, 262. 

— and sola, 174. 
Goein, 168. 

Equilibrium in reactions, 366. 
Eqnimolecular miitatee of antipodes, 



Eruclc acid, 34. 
Ethane 138,361. 
Ether, 168, 243. 
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Bthjl Bloohol, 138, 189, 156. 

— oywiida, 188. 

— todide, 86. 
-- tartnte, 35. 
EthflBiia, 21 G. 
Baninom, S5S. 

— chloridw, 3S6. 

P»T», 366. 

Fktty Koids, KlsorpUoD ol, 366. 

FeimontB, 1 71. 

Ferric ca«Biiun ohloridea, 48. 

— chloride, 43, iS, 66. 

— hjdr^de, 168, 177, IBS. 
-- potaarinm chloride, 43, 48. 
FenviH Bolpluite, 42, 48. 
Plam* spacbM, 276 S. 
FlnoraKeln, a9. 
Flaomoenoe, 27, 164. 
FlDDrlI■^ 800, 333-4, 368. 
Plnoiophon, 28. 
Forawldehyde, 181, 367. 
Fcxmla aoid, 156, 243. 
Preezuig - point method and ( 

Mlto, 66. 
Froths, 236. 
Fmctoee, 361-2. 
Facbain, 168. 
Fninaric acid, 82. 

Oadoukicm, 368. 
Oalsctoee, 261-2. 
QAllinm, 378, 285, 287, 827. 
Oamboge,l~~ 
~ smulBlo 

919. 

QuBonB ioni, cha^ea on, 333. 
Quee, Browoikn moTMnent in, 198. 
~~ oompravibility of, 312, 215. 

— viaooaity of, 213, 214. 

Gw molwulea, dlatributiot) in vertioal 

colnmn, 201. 
Qelstina. ISQ, 168, 170, 179, 176, 181-5, 



I, 198, 199, 300, 907, 318, 



~- elaatio, 1B3, 18S, 

— lyophllio, 183. 

— Ijophobio, 182, 

— pn^ertiee of, 183 fi. 
Qtttnatiinm, 837, 368. 
QliMrite, 74, 76, 81. 
OUnberitfl, 77. 
QlMber's Mlt, 78, 79, 81 
Olobuliu, 169. 
Qlnooae, 961-2. 
Qloooddae, 363. 
QlntAoonUi ester, 107. 
Olnlftrio aold. 37. 



aiyoerine, 219. 

OiyoaiDgBls, 160. 

QlnaniioU, 160. 

Glyool. 148, 160. 

Oold, 386, 333, 843, 350, 878. 

— Atom, 381. 

— chlorides, 162, 181, 347, 949, 850. 

— hydioxide, 849. 

— nnmber, 181. 

— soli, 162, 166, 168, 181, 18T, 349. 

— sulphide, 849. 

— tnuBluceot, 210. 

— And ChaUium, 349. 
Qum-anbio, 168, 161. 
Qnm tngaoanth, 189. 
Oypeum, 77. 

h, 233. 

Hnmoglobia, 16S. 

Halogeiu, 826, S44, S4\ 3ffr.e, 868. 

See ftlio Sepante Elemeata. 
Heat of combiutioD, 13. 
Helinm, 335, 238, 838, 348, SM, 846, 
358. 

— epaolnin, 886. 
Helix, teUario, 816. 
Hc^yiio Mid, 236. 
Heterobuic hetentopee, 398. 

isotopes, 388. 



a Chemic^ 



Hoimium, 358. 
HomogeiieiCj, chemic&l, s 

homogeneity. 
Hydntes, 41, 44, 49, 60, 906. 

— abnormal, 109. 
Hydrulne, 807. 

Hydilde-fonniag elements, 383. 
Hydrides, metBllio, 357. 

— in cattJyria, 268. 
Hydriodic add, 168. 
Hydro-adds, 130. 
Hydro-baaes, 180. 
Hydiobnnnio aoid. 158. 
HTdroehlorle aoid, 163, 960, 287, 

270. 
Hydrocyanic acid, 164, 174, 258, 36a 
Hydrogela, 160. 

Bjdrogen, 237, 338, 239, 254, 265, 271, 
326, 637, 844, 383. 

— and alkaU metala, 357. 
halogens, 867. 

— atom, weight ol, 330. 

— chloride, 237, 257. 

— lona aa oatalyata, 263 S. 

— peroxide, 164, 2S7. 

— poaltioa In Periodic Table. 867. 

— apeotnun of, 881-2, 385. 

— sulphide, 168, 287, 268. 
Hydrolysis method of preparing ool- 

loida, 162. 
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BTdra-Mlta, laa 
Hjdtoaoli, 160. 
Hjdro^lmmine, 256. 



lis. 



, theoi7 of. 



— lonio hTpotheela of , 118. 
Indigo, 168. 

ladlniD, 273, 3S7, SM. 

Inert alemrati, lee Zato groap Kad 

IndiVidUkl DBIIUH. 

" iDcepuable " elements, 836. 

Instability, molecnlu, S99. 

Intenul trictlcm, im Vinodt;. 

lodiDs, S6, 80, lU, 3U, Sifi, SH. 

Iodoform, 86. 

■' Ionic " elsctiont, 380. 

lonio mienof , inftnence <rf, 179. 

— velocity, 160. 

loniring BolTonts, liat of some, 187. 
see Non-sqaeous ionising sol- 
Ionium, 386. 
Ions, abaorpUon tpectn of, 37. 

— and aleotio-endocrnosis, 173. 

— u oatolysbs, 268 fl. 

— ooloun of. 111, 390. 

— gueont, cbaigM on, 232, 
Iridlani ohlorideB, SC6. 
lion, S13. 

— ammonium sulphate, 12. 

— doable snlphatee, 361-2. 

— oxides, 361. * 



Imremble ooagnlkUoD, 17 

lMbMM,3S8. 

Isoboric tiflterotopas, 386. 

— iKtopei, 336. 

Iiobalyl kknliol, 213. 



KtiHiTC, 71-6, 78, 81. 
EftriBrabe oonference, 833, 
EieseriU, 60, 62, 71, 70, 76, 78, 79, 81, 8 
Einetio theory, 190 ff., 197, 301 fL, 20 

211, 271. 
Eiypton, 911, 883, 888, 311, 361. 



Lugbeinite, 78, 81, 82. 
lAnthsnnm, 368. 

— nitrate, 172. 
LatUoe, Sfwoa, 226. 
Law of OotavM, 817, 818. 
Iiead, 336, 837. 811. 

— Imlde, 130. 

— iodide, 181. 

— eol.^' 
Iittonite, U, 71, 7S, 76, 78, 79, 81, SS. 
Iiiesegang'g rings, 181. 

Lime, 280. 
Limonene, 18. 
Line speotra, 271. 
Unee, mt. 280. 

— enhanced, 382. 

— long and short, 281. 
Liquid oiystalB, 318. 
Lithiam, 386. 

— ahlorlds, 6S. 

— ouprto ohkwide, 66. 

— bydrida, 368. 
Litmns, 136. 
Loewtte, 78, 81. 
Lumineaoenoe, 27, 30. 
Lnminophore, 30. 
Lateeium, 3S8. 
LyophiUo, 161. 
I^phobio, 161. 

Macropuiodic elemants, 871. 
Magdala red, 168. 

Uagneeinm, 181. 387, 288, 316, 363, 
372. 

— and iron, 896. 

— ohloride, 60, 66-76, 173. 
bezabydrata, sea Bisohoflte. 

— oxide, 818, 861. 

— potassium oalcium anlidiate. MS 

Polyhaltte. 

oliloride. sea Oamalllta. 

SD^hate, see SohSnila and 

— so^um sulphate, see Astrakanita. 

— sniphate, 60, 68-70, 76, 80, 81, 178. 

Sm also KieBsrite. 
Hogcstio rotatory power, 31, 6Ch 

— sasceptibUity, 9a 
MagnebUm and speotra, 981. 
Magneto-optical anomUy, 30. 
Uagneta, floating, 869. 
HtJeio aoid, 39. 

Haloolo add, 27. 
Uandelio amd, 260. 
UandelDDltrlle, 960. 
Uannneee, 379, 280, 883, 868. 

— cEaraotaristios of, 862. 

— its reaemblanoas to other maUls, 

— oiide^ 172, 2&^ 8^. 



D,g,l,..cbyGOOglC 



SUBJECT INDEX 



4IS 



Humite, 368. 
Mumose, 261-2. 
llui-ipaotn, SSa. 
HMtic, 163. 

— emuMotu, 198, 307, 318. 
lhtt«c and elaobrioilr, 876 S. 
- energy, 195. 



- ooDstitation of, e 



Atomla itnio- 



Mwn TAleno;, 76. 
Melting-point of elemBnts, Ui-t. 
Haltliig-poiiiti of donbla wits, 66. 

— periodlcdty in, sas. 
Henmrio oyuijde, 86. 

— iodide, Bfi, 104, 268. 

— nltnle, 348. 

— Bnlphiito, 2G7, 848. 
UtTcarj. 2SS, 384, 239, 343, 362. 

— ohlorides of, 87, 134, 348, StiO. 

— onalsiODS, 217. 

— ozidei of, 348. 
~ cols, 168. 

— ■ncidDimide, 183. 
- and copper, 848. 



Heaothorinm-l, S37. 
Heaothorliim-3, SS7. 
Met«-elem«i(s, 8S1. 
Metuwn, 988. 
Methyl aoetata, 368, 2G9. 

— ftloohol, 137, 1S9, 141, 146, 149, 

ISO, 166, 267. 
Methyl.ftlaooeideB, 362. 
Hetfayl Iodide, 189. 
~ laothiooTtuiate, 187. 
Hethyl-txuige, 136. 
Hetliyl thio^uiftto, 137, 139, 141, 160. 
Methyl zyloride^ 363. 
Methylene bine, 168. 

— iodide, 86. 
Mixed oryitalB, 89. 
Model atoms, 883 fl. 
Uohi's Mlt, 43. 

HolecnlAT oomponndB, we Complex 
ulte. 

— oontraotion, 149. 

— dlwmeter, npper limit Of, 2ia 

— "liagl]ity,"yri. 
■- instabUiW, 393. 

— magDltodeB, 909 ff. 

— tmUty, 197, 906. 

— lolntion Tolumea, list of, 148. 
Hol«cnlee, active and inactive, 271. 

— distribution invartioaloolnmn, 301. 

— "»islMe,"198. 

— u catalyMe, 269-70. 
Uolybdeuam, 2C7, 848, 864. 
Honomoleonliu' teaotioni, 89. 



value, 329. 

— table of determinatioiiB, 399. 
Nai^lbateiM, 172, 173, 267, 266. 
NebalEB, spectra of, 886. 
MebnUnm, 844, 886, 887, 888. 
Neodymiom, 863. 

Neon, 333, 384, 386, 871, 888. 
Keatralisation, alow, 101, 106. 
Nickel, 830. 

— and copper, 349. 
Niton, 888, 344, 364, 372. 
Nitric acid, 288. 

— oxide, 366. 
Nitrides, 133. 
NitrotMmiene, 80. 
Nitm-oopper, 360. 
Nitro-ethane, 97, 108. 

Nitnwan. 237, 283, 239, 266, 346, 868. 
Nltrobyi^oquiuoue, 106. 
" Nitro "-meteUi 
Nitiomethane, 1 

148, 160, 163, 1C7. 
Nitro-niokel, 860. 
NitTo-paiafHni, 96 ft. 
Nitropbeno], lOS, 116, 126. 
NitiDuB oxide, 387, 366. 
Nodal elements, 871. 
Non-aqueous ionising solvents, 138 S. 
Nucleus, atomic, see Atomic nucleus. 
Number, atomic, 338, 341, 363. 

— gold, 181. 

OcB&Bio salt deposits, 60 ff. 

Octaves, Tmm of, 317, 

Oenanthylio aoid, 23. 

OU-drops, 228. 

OU films, SIO. 

Olela acid, 266. 

Opsdesoence, critical, 319. 

C^tloal activity of cobaltammlDes, 94. 

— rotatory power, 36. 

Order, atomic, see Atomic Order. 
Orthopatiodic elements, 871. 
OeoUlatioD-trequaocy, 332, 283. 
Oscillators, 231. 
Osminm, 829. 

Osmotic pressure of colloids, 164, 198. 
Oxalic acid, 27, 267, 800, 806. 
Oxygen, 289, 289, 254, 266, 271, 387, 
843, 343. 

PkLUiOViU, 360. 

PanffiD (dl, 242-8. 

FKnganeaee, table of, 81. 

Paialeneaig, 77. 

Pai^dehyda, 267. 

Paramagnetism, 20. 

Partial nlencies, theory of, 9 (I. 

Partition hypotliesii of oollotds, 349. 

— ■■ ■■ 1,160. 
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Periodia liutabili^, 892. 

— Iaw, 8U 11. 

MendelteTa oIauhb, SSL 

Newknda' olainw, 818. 

^puaat ^uscptlMU to, 884 

oonfiimBHofiB of, 336, 898. 

aorreotioD of atomio welghU 

from, 826. 

And aomponndB, 939. 

Tftlenoj, 838-*. 

— sarikCM, 868. 

— STStom, 804, 906, 811 ft. See kIw 

Periodic Law and Periodic 

TaUe. 

poeaibie exteiudrai ol, 869. 

splnl fonus of, 866. 

truulUcmftl elenunU in, 833 fl. 

ftud oigknio oMicB, 319. 

apeotiK, 388 ft. 

— Table, HTHigeitMut of, 863. 
chief p^ta in, 833. 

— — derd^unent of, 816 B. 

Orcnp I., elemeuta In, 847. 

If., elementa in, 848 S. 

III., elemento io, 3S1. 

IV., elementa in, 861. 

posilioii of bydrogen in, 867. 

raBeml>lanaaB not expressed Id, 

846 f[. 
Fermuigftnales, 114. 
FetroieQin EUBpendonB, 170. 
PhuU, 161. 
Phellutdrene, 13. 
Pheoetol, 8a 
Pheool, 349-60, 268. 
Phenolphthftleiii, 114, ] 16-36, 181, 182. 
Phenflnitrandiie, 108, 110. 
Pbenjl-nitromethftnc, 99 ff, 
Pboapbneaaenoe i^ectn, see Spectra. 
Pbo^borio Mid, 136, 367. 
Phoepfaorogen, 3e0. 
Phosphonu, 863. 
~ oiyohloride, 1S3-4. 

— trlohloride, 163-4. 
PhotoBeniitiTe aalta, 849. 
Picnmlde, 138. 

Plotlo uid, 183, 243, 244, 345. 

Pimelio add, ST. 

Platinam, 264, 266, 266, 368, 266, 238. 

— obioride, aea 

— Boi«, 166,168,174. I 
PoJMnlng of oatalyaU, 26C. 

eolB, 174. I 

Polarised light, 164. 
PolThalite, 60, 61. 
PoaltiTe charges, 361. 

in atom, 378, 881. 

PoBitive-rav aoalysii, 886. 
Potanamlde, 132, 133. 
Potaaaium, 286, 287, 288, 844. 

— aoetamide, 180. 



Potaaainm aKgantoojanide, 84. 

— bromide, 88, 173, 199, S38. 

— oaloivm magneriam suipliate, we 
Pal^halite. 

~- ohioiate, 40, 266. 

— ohloride {SvlTise), 43, 48, 63-17, 81, 
178, 338, 268. 

— oblotopUtinate, 88. 

— cuprous chloride, 44. 

— oyaaide, 84, 86. 

— tenacraaide, 173. 

— flaoiide, 338. 

— Iodide, 168, 238, 268. 

— magnesium clilaride, aea Caraallite. 

sulphftte, see Leonite. 

SohOnite. 

— nitrate, 179. 

— sodinm snlphate, see Gloaerite. 

— inlphabe, 40, 42, 44, 68-7C. 

— tri-lodide, 86. 
Periodicity In phvsioBl piopertiea, 

826. 
Prsaeodymiam, 868, 866. 
Precipitation of colloids, sae Ooagnla- 

176 a', 260. 

crjatalloida, 347-8. 

Predictions in otiemistiy, 338, 838, 388. 

Preesnte and speotm, i^l. 

Fropertlea, periodicity in, 829. 

Propionic aoid, 342. 

Pnipionilrile, 189, 160, 162. 

Propyl alcohol, 166. 

ProteotiT* action, cfttalyUo, 358. 

of colloids, 164, 180-1. 

Protoflaorine, 386, 
Proto-mebala, 865. 
Ptout'a hypothesU, 819, 878. 
Paendo-aoids, criteria of, lOl fl. 

coionr change in, 103, 106. 

conduotivit;, 100, 103, 100. 

— RfracUvlty of, 110. 

— aalt fonnation by, 97 &. 
Paeado-bases, 101. 
Purple of OasaluB, 162. 
Pytone, 38. 
^uTlo aoid, 26. 

estar, 13. 

' Qdakta, 233. 
Quinine, 360. 
Quinone, 8S. 

— monoTtme, 101. 
Quinonoid sttnatnre, 116-22. 

lUcnuiCB, 43, 60, G6 ff. 
Radiant energy and reactions, 270, 
Radiation and Avogadio's oonatant, 
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Badioaotivity and Avogadio'i 

Radiothorinm, S36, SST. 
Radium, 3S6. 

— and Avogadro'a oonatant, 93C, S96. 
RadintnB, 941. 

Badium-O] end-prDduct, 3Se. 

Badinm-D, 33B. 

lUdlum-B, 342. 

Rare earth elementB, !180, S63 fl., 968. 

poaition in Ferlodio Table, 

806. 
BtaoUoDi addition, 10 ff. 

— monomoleculai, 992. 
Reactivity, 18, 16. 
Befnutive index, 218, 315. 
Bebaotivlty, 17. 

— and diKOciation, 14C. 

moleoularsolutiDn volume, 14fi. 

— o[ pBendo-aoids, 110. 
solutions, 14C. 

— peiiodiolt; in, 3SS. 
Rdohaidtlte, 78. 
Beddual amiiity, 7 0. 

conjugation of. 8. 

MuiangsmeDt of, 9. 

and abstrptlon spectra, 81. 

boiling-point, 16. 

fluoreeoenca, 27. 

beat of oombnstioD, 18. 

luminescence, 27, 

magnatie ratatory power, 21. 

suso^bilft;, 20. 

optical rotator; power, 39. 

reaoarity, 6, 9, 13. 

— lefiantivi^, 17. 

— valency, 302. 

Bevendble ooagolation, 176, 176. 
Reversion speotra, 278. 
Bnbldinm, 873, 286, 287, 288, 314. 



Buoi^ 172. 

Salt depodts, 60 S. 

Salts, oomplA, 83 fi. 

— double, 89-89. 

Samarium. 863. 

Saponin, 236. 

Batumian model atoms, 381. 

Scandium, 827, 848, 364. 

Scattering of a-particIcH, 878. 

Sohfinite, 69-70, 76, 78, 81. 

BM-vrater avsporatlon, 61. 

Sebadc aotd, 27. 

Beleotive action of solvent, 268. 

Selenium, 2ST, 348. 

Series, spectral, 283. 

Sbell theory of metalammlnes, f 

Silica gel, 182. 



Silicic add, 169, 160, 168, 168, 168, 176, 

162, 188, 247. 
SUioon, 863, 873. 

and boron, 851. 

chloride, 163. 

tiydride, BSl. 
Slllc, adsorpHon by, 346. 
Bilver, 880, 838, 850. 

biohiomate, 184, 186. 

obloride, 172. 

— iodide, 186. 
sol, 163. 

nitrate, 168, 184, 185, 849. 

phosphate, 849. 

sols, 166, 168, 177. 

and thallium, 349. 
Slow neutralization, 101, 109. 
Soap-films, 310. 
Bodamlde, 190, 132. 
Sodium, 181, 220, 221, 377, S8S, SST, 
288, S4S, 944. 

aoetamide, 132. 

atomio volume of, B69, 860. 

— bromide, 173, 228. 

— chloride, 99, 48, 60, 61, BS-0, 181, 

188, 228. 

- fluoride, 228, 

Slycocholate, 248. 
ydroilde, 168, 358. 

- iodide, 228. 

- magnesium sulphate, see Astra- 

baulte. 






1 sulphate, see aifiserite. 



silicate, 160. 

euociulmide, 180. 

sulphate, 48, 61, 76, 79, 80, 183, 

386. See also Thenardtte. 
sulphite, 356, 258. 

— thlosulphate, 162. 
Sol, 160. 

SoUd lolntlon, 380. 
Sols, 160. 

— acquired immunity of, ITS ff. 

— catalytic action of, 174. 

— poisoning of, 1T4. 

— and ferments, 174. 
SoluUlity and dissociation, 143. 

tiaudtlon point, 48. 



— hypothesis of colloids, 249. 

— presiuie, 90. 

— solid, 39, 43, 67, 380. 

— volume, molecular, 146. 

— volumes, list of, 148. 
Solutions, 306. 

— colloidal, see Colloids. 
Solvates, 269. 

Solvent OS caUiyat, 268. 

— directive Influenoe of, 263. 

— power and ooaduotlvity, 143 S. 
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Solvant powBT and dl-electrio wmBbnt, 

160. 
Solf «Dta, mixed, oondnctivit; in, 16B, 

— iioii-»qa«0D8 IcmlBlDg, mo Non- 

ftqoMUl kwiiiiig BolTBiita. 
SolptioD, 283. 

SpMa-ooniugkUon, 11, 26, 83-4. 
SpMM UlUoe, 338. 
Spuk apeotn, we Speotn. 
SpeclOo aurfooB, 238. 
Speotra, abaorptioD, aea AbsoTption 

— uo, 280. 

— bu>d, 274, 279. 



M, 876 ff. 

- Hne, 271, 283 fi. 

' phMpiboraaoeiice, 378, 27B fl. 



Sol^urlo Mid, 307. 

oonaUtation of, 802. 

Surface utioii, 966. 

eSeoU, 383. 

energy, 388. 

— and oonoentiatioii, 331. 
Bpeoific, 288, 

tenaton, 381-6, 239. 

— '■ neg»UTo," Sfil. 

— Btatlo «nd dynomlo, 336. 
Sarfuaa, periodic, 8GB. 



— Bp«A,282. 

— steU«,8e7. 

— X-»y, 278. 

— and abomie tiumbera, S7C-6, 3S7-8. 
welghte, 33B, 396. 

periodic sfivssa, 38C fl 

prearaie, 3B1, 

teilip«aature, 281, 283. 

— In magnetic field. 281. 

— of oomplex ioni, 88, 

— — ootnpouttd*, 278. 
elementa, 278 fl. 

— — nebnlB, 886. 
Speotnl series, 288. 
Speotiomettic detenninaUon of tranal- 

tioD pointa, 16. 
Spectrnm, oontinuooB, 371. 

— of Banaen flame, 376. 
helliun, SeS. 

bydtogen, 881-3, S8S. 

— Swan, 377. 
SpliereE, 298-9. 
Spiral arrangemeDU fA the 

816, 86S. 
SUnnlc sold eol, 168. 

— oxide gel, 182. 
StnnnooB ohloride, 163. 
Starch, 169, 168, 189. 
Staaaf Qrt salU, 60 fl. 
Stellar spectra, 387. 
Strontlnm, 237, 28S, 869. 
Stmotuie, atomic, mc Atomic stmc- 

Snberio add, ST. 

Snodnlo acid, 37, 82, 212. 

Snooinlmide, 180. 

Bngon, 161, 261, 366, 368. 369. 

Snl^nr, 173, 387, 868, 361. 

— chloride, 163. 
~ oollddol, 163. 

— dioxide, 163-1, 337, 361, 367. 

— trioxlde, 168. 



Snipentoidg, 160, Slfl. 

Swan apeotmm, 277. 

SylTBatrane, IS. 

Sylvine, see Potsaainm ohloride. 

Bymmetiy and asymmetry, 360-1. 

Talou, 361-2. 

Tannin, 169. 

Tantalam oxide, 886. 

Tartaric eater, 28. 

[Qiutomerism, double symmetrical, 39. 

Tellnric helix, 318. 

Tellurium, 318. 

Tempeiatnie and ipeotra, 381, 383. 

Tendmetei, 16. 

Terbium, 863. 

— group, 366. 

Teipenee' heatt of oombustton, IS. 

Tesla diachai^e, 37. 

Tatra-etbyl-ammoulDm iodide as a 

aolable, 136 fl. 
Tetmmethyl i 



hfdrixcide, 



— fartooyanide, 800. 
Tetranltro-methane, 113. 
Thallium, 273, 387, 319. 
and alkali metals, 319. 



joi^S 



.318. 



silver, 819. 

_ oompoonds, «0, 318, 319, 380. 
Thenaidite, 71, 76, 80, 81. 
Thttnometrie detennination of transi- 
tion point, IS. 
Thorium, 836, 896. 

— oompoondi, 168, 866, 877. 

— taA DtoDOUB Baits, 877. 
Thorium-lead, 369. 
Thorium- X, 836. 
Thulium, 8SS. 

I^n, 161. 
Titanic acid, 168. 
Tltaninm, 381, 363. 
Trandtion interral, BO. 

— point, determination of, 16 K. 

— temperature, 18. 
Transitional elements, 883 B. 
Triethylamine, 189. 
Triads, 813, 868. 
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tripheiiTlm«U>Tl, 807. 
Triple bondB, Ifi, IS, 84. 
Tanpteo, 207, U3. 
TjpM, elamentaiy, 33B. 

DlAKUiLTBincui, 161. 
Ultnunloioacope, 166, 176, 189, 349. 
UnBAtiintloti And phyBicftl pnpertlM, 

Ififl. 
Uraninin, aiS7, 320, 326, 34S. 
Dnniam-a, 577. 
Unninm-X,, 877. 
Unninm-lead, SS9. 
Untioiu M]te, U9B. 
aod thoriam, 877. 

ViLBHcna, BaiiliBiy and main, 297. 

— pAitUl, iee Putiol vklandM. 
Yalanoj, sea also Ghemlokl affinitj 

■tnd Baddoal afflnit;. 

— ukd mbsotptiau Bpectn, 37. 

Btomlo namber, Sll. 

0-r«T chftnges, 877. 

ooagalating power, 179. 

ooloiu of lODi, 890. 

Fariodio Law, 828-4. 

~ ohaDge io oa(»lr«la, 267. 

— ooutA-, 804. 



— tneui, 76. 

— polai Mid noD-polar, 991. 

— TMJdaal, 80S. 

— theotiSB ol, 389 fl. 
VanmdiDm, S63. 

— oxide, 3C6. 



Vui dar Wul'a equatjca), 214. 

Tanthoffite, 78, 81. 

Velodt; of Ions and oollold paitlolet, 

169. 
ViolDTia acid, 110. 

ViBcodtj and ooadnoUvlty, 140 fl., 148. 
tranidtion point, 49. 

— of coUoidB, 160, 246. 

gases and tEolMulai magnl' 

tndes, 313, 314. 
" Viuble moleoalea," 198. 
Volnme, atomic, see Atomic Tolume. 

— molecular solution, 140. 
VoTtex-atonu, 374. 

WiTiB aa a oatalTat, 364, 



X-iay spectra, 270, 8S8, 850, 8S6, 860, 
380. 

and atomic order, 889, 343. 

of iaotopea, 887. 

— speotrometer, 337. 
XenoD, 314 883, 344, 3M. 

V.834. 

Tttwbimn, 803. 
Yttrium, 361. 

Zbso group, 333, 844. 
Zinc, 864, 363, 372. 

— compounds, 42, 49, 172, 207, 848, 



— BDlpbid^, phonphoieaoenl, 324, S 

379,380. 
ffliconlum, 854, 868. 
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